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Most of the environments used for corn freezing research 
are artificial and require ears to be brought in from the 
field. Other experimental procedures require the use of 
single seeds. The potential effects of ear detachment or seed 
removal on ice nucleation and subsequent damage are therefore 
important to understand. This information may also have 
breeding or seed production management implications. 
Rapid determination of seed quality after low temperature 
exposure is a practical area of concern to seed producers. 
Present methods employed such as germination tests or 
t e t r a z o l i u m  c h l o r i d e  s t a i n i n g  a f t e r  d r y i n g  t a k e  f r o m  3 - 1 0  
days to complete. A quicker indication of freezing damage to 
maturing seed would aid post harvest decision making. 
The objectives of this project are: 
1. To determine the effects that plant parts such as the 
stalk, leaves, husk, and adjacent kernels have on ice 
nucleation in the premature corn seed and on subsequent seed 
germination. 
2. To determine the usefulness of the measurement of 
electrical conductivity of solutions from soaking undried corn 
seed as a rapid estimation of germination after a freeze. 
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LITERATURE REVIEW 
Cellular Mechanisms of Damage 
Sakai and Larcher (1987) stated in their book, Frost 
Survival of Plants, that "of the manifold hypotheses and 
theories that have been propounded over the years, none has 
proved entirely satisfactory". They go on to explain that ice 
formation and the resulting freezing injury depends on 
species, hardiness, and freezing conditions. This rules out 
any single mechanism which can explain all cell death due to 
freezing. They point out that the plasma membrane is 
considered to be the primary site of injury as its 
semipermeability is changed or it is lysed. 
Many reviews have included an attempt to summarize 
current theories of freezing injury and the mechanisms 
involved (Levitt, 1980; Lyons et al., 1979; Burke, 1979; 
Asahina, 1978; Burke et al., 1976; Meryman and Williams, 1985; 
Mazur, 1965; Mayland and Gary, 1970; Meryman, 1974; Mazur, 
1980; Steponkus, 1985, 1978, 1981; Steponkus et al., 1981; 
Single and Marcellos, 1981; Olien, 1967). For the purpose of 
this review I would like to present a summary of the specific 
review of the role of the plasma membrane in freezing injury 
and cold acclimation by Steponkus (1984). 
3 
Phvsicochemical events during freezing 
Mazur (1969) provided a background for Steponkus' review 
when he listed the physicochemical events which occur during 
freezing. They are: 
1. Cells and external medium supercool. Ice forms in the 
medium but not in the cells because the plasma membrane 
prevents seeding at temperatures above -10 C. 
2. The cell is dehydrated as water moves out from inside the 
cell to maintain equilibrium with the lower aqueous vapor 
pressure of the medium. If the permeability of the plasma 
membrane excessively slows water movement out of the cell, or 
the temperature cools too quickly, internal freezing will 
occur. 
3. Eventually, as water is converted to ice, the solubility 
of some electrolytes is exceeded and they will precipitate. 
4. When the eutectic point is reached, all free water will be 
frozen. 
5. Over time smaller ice crystals will be converted to larger 
crystals because the smaller crystals have higher surface free 
energies. This process is termed recrystallization. 
6. Warming reverses these events. 
Four categories of freezing injury 
Steponkus divided freezing injury into four categories: 
expansion-induced lysis, loss of osmotic responsiveness. 
nr 
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altered osmotic behavior, and intracellular ice formation. He 
explained the mechanisms thought to be involved for each 
category and compared the relative importance of each type of 
injury to acclimated and nonacclimated rye protoplasts. 
Expansion-induced lysis occurs during thawing when water 
is moving back into protoplasts and they are not able to 
expand to their original size and they burst. This accounts 
for most of the injury to nonacclimated protoplasts slowly 
cooled to -5 C. It is seldom observed in acclimated 
protoplasts. The difference due to acclimation manifests 
itself as an alternate method for storing plasma membrane 
material during dehydration. As a nonacclimated protoplast 
undergoes dehydration, it loses volume and surface area. Some 
plasma membrane material must be removed to maintain 
equilibrium tension and thickness of the plasma membrane. The 
nonacclimated protoplast stores extra material in internal 
reservoirs in a process called endocytotic vesiculation. 
Vesicles of membrane material are detached from the plasma 
membrane and moved into the cytoplasm. Acclimated protoplasts 
store extra material from the plasma membrane by exocytotic 
extrusions. These external polyps of material are still 
attached to the plasma membrane and can be easily 
reassimilated whereas the internal vesicles cannot be quickly 
returned to the plasma membrane during thawing. 
Acclimated protoplasts are usually injured by the second 
5 
form of injury, loss of osmotic responsiveness which occurs at 
slow cooling rates down to -30 C. Unlike the previous 
situation where thawing resulted in protoplast expansion and 
bursting, these protoplasts do not respond at all to thawing 
which indicates that the semipermeable characteristics have 
been altered while in the contracted state. Little is 
actually known about the mechanism involved in this type of 
damage. Some evidence points to protein conformational 
changes due to high solute concentrations. A case has also 
been made for phospholipid phase transitions from lamellar to 
hexagonal due to low water contents. Additional less-
established mechanisms include electrical perturbations and 
thermotropic phase transitions. 
The third form of injury, altered osmotic behavior, is 
characterized by osmotically active protoplasts which do not 
attain their original volume. This injury occurs at a low 
frequency in both acclimated and nonacclimated protoplasts. 
This may be due to a transient loss of solutes or to a 
permanent alteration of the semipermeability of the plasma 
membrane. It is considered to be a sublethal form of injury. 
Due to the low frequency of occurrence, little research has 
attempted to determine any mechanism for this type of injury. 
Intracellular ice formation is the fourth type of injury. 
It is caused by rapid cooling rates which for protoplasts 
means greater than 3 C/minute. It is accepted that 
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intracellular ice formation is a very rapid, damaging process, 
but no explanation has been presented as to how the formation 
actually kills the cell. Some speculation as to why it occurs 
has been made. One view holds that rapid cooling causes 
internal conditions to supercool more than slow coolingbecause 
water can not escape quickly enough. This supercooling 
increase makes the cell more susceptible to nucleation. 
Steponkus argues that the mechanism involves a seeding of the 
intracellular solution by extracellular ice. Since acclimated 
protoplasts can cool to -42 C while nonacclimated protoplasts 
can only cool to -15 C before intercellular ice formation, he 
maintains that the plasma membrane characteristics allow the 
seeding to occur. He cites the breaking of vesicles from the 
plasma membrane for internal storage during dehydration as a 
possible point where seeding might occur. Other possibilities 
have included thermal and electrical perturbations. 
Ice Nucleation in Plants 
Ice formation is necessary for all four types of damage 
described by Steponkus to occur. Nucleation sites are 
required to initiate the formation of ice (Franks, 1985). In 
some special cases no nucleation points are present in water 
and it may supercool'to -40 C. At this point ice nucleation 
is spontaneous and is called homogeneous nucleation. Most ice 
r k* 
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nucleation in plants is of the heterogeneous type where 
nucleators which are external or internal to the cell act as 
catalysts for ice formation. 
External nucleators - INA bacteria 
Ground, decaying leaves were at one time considered to be 
an excellent source of external nucleation sites. Maki et al. 
(1974) found that it was not the leaves, but rather bacteria 
on the leaves which were causing the nucleation. Psuedomonas 
svringae (Amy et al., 1976; Anderson et al., 1982), Erwinia 
herbicola (Lindow et al., 1978b) and other bacteria have been 
shown to act as ice nucleators. They have been given the 
generic term ice nucleation active (INA) bacteria. Lindow et 
al. (1978) found them to be very widespread on most species 
except conifers. Some work has been done sequencing the 
bacterial gene responsible for the production of the 
nucleating protein (Green and Warren, 1985). The gene 
sequence predicts a protein structure containing 122 imperfect 
repeats of a consensus octapeptide. Up to 68 of these 
octapeptides could be deleted without abolishing ice 
nucleation, but all deletions showed reduced activity. The 
structure is consistent with the role for the protein as a 
template rather than the common protein role of enzymatic 
catalysis. 
INA bacteria are considered to be responsible for the 
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susceptibility of many species to freezing temperature which 
they should otherwise be able to avoid via supercooling. Much 
work has been carried out to try to control these bacteria 
through chemical applications or biological controls. Capric 
hydroxide and a combination of streptomycin and 
oxytetracycline reduced INA bacterial numbers on almond trees 
from 10 to 1000 fold (Lindow and Connell, 1984). Active ice 
nuclei were also reduced by 10 to 100 fold compared to 
untreated trees. Frost sensitivity of treated almond spurs 
was significantly lower (less than half) than that of the 
controls when exposed to -3 C. Anderson et al- (1984) tested 
streptomycin alone and spectinomycin for their effectiveness 
in reducing freeze damage on tomatoes. Streptomycin did not 
change the percentage of tomato shoots frozen at -3 C from the 
percentages of the nontreated controls. Spectinomycin did 
reduce the percentage of shoots frozen to levels similar to 
the control shoots with no bacteria present. 
A strain of Erwinia herbicola has been found which is 
capable of out competing the natural populations of INA 
bacteria present (Lindow et al., 1983a, b). These non-
nucleating bacteria have been sprayed on plants in a growth 
chamber and in the field to prevent damage from freezing by 
reducing the INA bacterial numbers. The isolate reduced frost 
injury to corn from six E_^ herbicola isolates and two P. 
syrinqae isolates in the growth chambers. It also reduced 
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damage to corn exposed to a natural frost of -1.5 C to -2.5 C. 
Efforts have also been made to characterize leaf 
characteristics which may be used by breeders to reduce the 
epiphytic INA bacterial populations (Haefele and Lindow, 
1984). 
Internal nucleators 
INA bacteria are not the only important source of 
nucleation sites for plant freezing. It has already been 
pointed out that Lindow et al. (1978a) did not, as a rule, 
detect INA bacteria on conifers. Salt and Kaku (1967) found 
that ice nucleation in conifer needles takes place in the 
stele and that freezing of mesophyll and epidermal cells is 
caused by the growth of ice radially outward from the stele. 
Ashworth and Davis (1984) and Ashworth et al. (1985) have also 
shown that the INA bacteria are not important factors in 
nucleation of ice in plants like peach trees. In the first 
study Ashworth and Davis (1984) used differential thermal 
analysis to monitor the formation of ice in peach trees. They 
observed that the nucleator responsible for ice formation at 
-2 C was present in both field grown and greenhouse-grown 
trees. Since INA bacteria do not normally build up on 
greenhouse grown plants, it was thought that this could 
suggest a nonbacterial source of nucleation. The nucleator 
was also present from dormancy to blossom development and 
petal fall and was resistant to surface disinfectants and 
bacterial ice nucleators. These data also point to a 
nonbacterial source of nucleation. Ashworth et al. (1985) 
attempted to relate nucleation temperatures directly to INA 
bacterial populations on peach trees to assess bacterial 
involvement. Detectable levels of INA bacteria were observed 
only twice during the year and these times did not correspond 
to points at which the nucleation temperature was the highest. 
They'concluded that INA bacteria were not involved in peach 
tree freezing and supported the importance of intrinsic 
nucleators. 
Some interesting work has been done attempting to locate 
some internal nucleators in plant leaves. By comparing the 
nucleation abilities of different parts of leaves of Veronica 
persica, it was shown that the nucleation sites are primarily 
in the leaf blades (Kaku, 1973). In Buxus microphylla the 
midrids, not the blades, were the sources of most of the 
nucleators in the leaf. When homogenized, nucleation 
capabilities were destroyed indicating that some structure in 
the leaves is providing a nucleation site rather than a 
soluble source. 
Movement of nucleation front 
Lucas (1954) determined that freezing was disseminated 
throughout a lemon segment through the vascular connections 
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and not directly from one vesicle to another. Microscopic 
examination of vesicles and stalks revealed that the velocity 
of ice movement in stalks was several orders of magnitude 
greater than ice movement in the vesicles. He attributed this 
to movement of the ice front through the vascular system. 
Single (1964) studied ice front movement in wheat. 
Leaves were found to have a greater ice movement velocity than 
stem internodes. The average velocity for leaves was over 100 
cm/min whereas stem internodes ranged from 0.4 to 76 cm/min. 
As the season progressed the rate in the stem internodes 
decreased. Stem nodes varied in their effectiveness as 
barriers to the spread of ice. Anderson and Ashworth (1985) 
monitored tomato plants at three locations on the stem and on 
three petioles. One plant took 19 minutes to freeze at all 
six locations, but all other plants were completely frozen in 
spans of 3 - 4 minutes. They noted no barriers to the spread 
of ice and observed that ice nucleation in one part of a 
supercooled plant caused the entire plant to freeze. Ashworth 
et al. (1985) also monitored mature Prunis persica trees 
(nectarine) during a variety of natural conditions. The trees 
supercooled very little and once initiated, ice spread 
throughout the trees. Ice had spread throughout one tree in 
16 minutes while in other trees it took more than an hour. 
They noted the time when individual locations on the same tree 
froze and concluded that ice formation was initiated 
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simultaneously at several locations within the tree. 
Deep supercooling 
Most plants which survive freezing temperatures do so by 
tolerating the presence of extracellular ice. However, there 
are some plants which survive by avoiding the formation of ice 
in certain tissues. These tissues undergo a process called 
extraorgan freezing. Extraorgan freezing has been found to 
occur in the flower buds of azalea (George et al., 1974), 
highbush blueberry (Biermann et al., 1979), Prunus species 
such as apricot, plum, peach, cherry (Quamme, 1974), and the 
winter buds of some conifers (Sakai, 1979). Morphological 
features are important to this process because living and dead 
tissues respond similarly (George et al., 1974). Water 
movement from the buds to other tissues where ice has formed 
allows the buds to deep supercool because of the greatly 
lowered osmotic potential. Ishikawa and Sakai (1981) recorded 
a decrease in Rhododendron floret water contents during 
freezing at -5 C with a corresponding increase in the water 
contents of the associated inner and outer scales. Quamme 
(1978) noted in peach tree buds that large ice crystals 
appeared under the epidermis of the bud scales and within the 
bud axis, but not in the floral primordium. Excision of 
primordia from associated tissues raised the supercooling 
point of conifer buds from -30 C to -12 C (Sakai, 1979). 
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Excised Rhododendron florets could not tolerate freezing at -5 
C, but when intact could supercool to -30 C (Ishikawa and 
Sakai, 1981). In both Rhododendron and highbush blueberry a 
cooling rate-independent exotherm occurred at -5 C to -10 C 
(Kahu et al., 1980; Biermann et al., 1979). This was not 
associated with floret death. Subsequent exotherms at lower 
temperatures were associated with floret death. These 
exotherms were cooling rate-dependent with slower rates 
yielding lower supercooling points. Cooling rate influences 
supercooling points because at high rates the water cannot 
move quickly enough to lower the osmotic potential. 
One necessity for extraorgan freezing to occur is a 
barrier to prevent inoculation of the organ with ice from 
other organs. Quamme (1978) noted that in Prunus the cuticle 
or epidermis prevented nucleation from the surface and a dry 
region at the base prevented nucleation from inside the plant. 
Additional work by Ashworth (1982, 1984) demonstrated that in 
6 Prunus species, all of which deep supercool, xylem vessel 
elements were not observed in the dormant floral primordia. 
In two species which do not supercool deeply, xylem vessels 
ran the length of the inflorescence. These vessels may be the 
source of inoculation for buds which do not deep supercool and 
their absence may be the reason the others do not inoculate. 
The buds do lose their ability to deep supercool at the same 
time xylem continuity is established during deacclimation. 
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Extraorgan freezing has also been observed in xylem of 
woody tissues. George and Burke (1977) used hickory twigs and 
Ashworth et al., (1983) used apricot and peach tissues. They 
both demonstrated high temperature and low temperature 
exotherms similar to those seen in floral buds undergoing deep 
supercooling. The low temperature exotherms in peach and 
apricot coincided with tissue injury measured by visual 
methods or solute leakage. These exotherms varied seasonally 
with midwinter low temperature exotherms occurring between 
-23 C and -3 8 C and summer exotherms occurring at temperatures 
5 to 10 degrees warmer. The low temperature exotherm was 
broad indicating that a population of individual cells were 
freezing over a range of temperatures. Deep supercooling has 
also been noted in seeds and will be discussed in the 
literature section which deals specifically with seeds. 
Effects of plant part size and attachment on ice nucleation 
The supercooling point of tissues which undergo deep 
supercooling rises when these tissues are excised from the 
surrounding organs which are responsible for water removal. 
Most plant tissues do not undergo deep supercooling and the 
supercooling point of these tissues is often lowered when 
removed from the plant. Modlibowska (1962) exposed apple, 
pear, and cherry tissues to natural frosts and compared 
flowers attached to trees with single detached flowers and 
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with flowers on spurs which were detached. The single 
detached flowers supercooled longer and had lower supercooling 
points than complete spurs. The spurs supercooled longer and 
had lower supercooling points than attached flowers. It was 
noted that flowers on the same spur tended to behave as a unit 
with regards to supercooling. 
An interesting study was performed by Andrews et al. 
(1983) tracing the nucleation of peach and sweet cherry 
reproductive structures from the bud stage which undergoes 
deep supercooling to full bloom, which does not. The buds 
were capable of deep supercooling until early bud swell when 
the low temperature exotherms (-18 C to -25 C) disappeared. 
From this point on only high temperature exotherms (-1 C to -7 
C) were seen. These high temperature exotherms rose 1 to 3 
degrees from bud swell to emergence of the petal tips from the 
calyx. When flowers at this stage were excised from stem 
tissue, no effect on nucleation was observed. During this 
stage freezing injury was reduced significantly by increasing 
the nucleation temperature. Some mechanism for tolerance of 
freezing must operate during this early stage of flower 
development. Once full bloom is reached excised flowers 
nucleate at lower temperatures than flowers attached to stems. 
The injury level of these flowers was unaffected by higher 
nucleation temperatures. 
An additional factor influencing the nucleation point of 
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detached parts is their size. Ashworth and Davis (1984) and 
Andrews et al. (1983) found a logarithmic relationship between 
nucleation temperature and sample size. The nucleation point 
of peach twigs used by Ashworth and Davis (1984) rose as 
sample size rose up to 20 g. Shoots of 20 g froze at the same 
temperature range as whole trees. Anderson et al. (1983) 
compared the nucleation of tangelo leaves of various sizes. 
Smaller leaves generally reached lower temperatures before 
freezing than did medium size leaves. The medium size leaves 
nucleated at lower temperatures than did large leaves. Kaku 
and Salt (1968) demonstrated that nucleation in conifer 
needles was a function of the length of the needle, not the 
weight or water content. Longer needles nucleated at higher 
temperatures. Marcellos and Single (1979) compared the 
supercooling ability of stem pieces of spring wheat, potato, 
alfalfa, french bean, field pea, and broad bean. They noted 
species differences but no effects due to stem length which 
they varied from 3 to 20 cm in length. Unfortunately, no data 
were presented in the paper relating to the sample size 
experiment. 
When comparing nucleation point differences due to sample 
attachment or size or examining the effects of INA bacteria on 
supercooling, it is important to consider the interaction 
between sample attachment, size, and presence of INA bacteria. 
Gross et al. (1984) compared excised and attached peach and 
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sweet cherry buds for supercooling characteristics. Attached 
buds which were inoculated with INA bacteria supercooled to 
-2.5 C. Excised buds which were inoculated and attached buds 
which were not inoculated supercooled to -3 C. Excised buds 
which were not inoculated supercooled to near -4 C. Anderson 
and Ashworth (1985) used tomato plants and plant parts ranging 
in fresh weigh from 6 mg to 180 g to study the freezing 
behavior of the tomato plant. In the absence of INA bacteria 
freezing temperatures rose from -10.5 C to -2 C as weight 
increased. When inoculated the freezing temperatures varied 
only from -3 to -2 C over the range of sample weights. They 
determined that once the plant size was greater than 50 g the 
presence of INA bacteria would not affect the freezing 
temperature. Peach shoot sizes of 20 g or greater were 
determined by Anderson et al. (1987) to have at least 1 
internal nucleating site active at -3 C which would make the 
presence of INA bacteria immaterial during freezing. Six 
percent of 1 g samples were frozen at -3 C which also 
corresponded to one ice nucleus per 20 g of tissue. 
Factors Affecting Freezing Injury to Seed 
Temperature 
Rossman (1949b) used corn seeds resoaked to various 
moisture levels and found that lower freezing temperatures 
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increased the reduction in germination nonlinearly. He also 
froze fresh corn ears with husks intact and again found that 
lower temperatures increased the germination reduction, 
although the viability of fresh corn was not reduced as much 
as soaked corn at the same moisture percentages. Kiesselbach 
and Ratcliff (1920) used portions of husked ears and also 
found that lower temperatures increase the amount of freezing 
damage. Other research on corn (Burris and Knittle, 1985; 
McRostie, 1939; Neal, 1961), sorghum (Robbins and Porter, 
1946, Carlson and Atkins, 1960, Rosenow et al., 1962, Kantor 
and Webster, 1967), soybeans (Robbins and Porter, 1946, Judd 
et al., 1982), and wheat (Whitcomb and Sharp, 1925) has 
substantiated tiiis. 
The relationship between temperature and vigor is not as 
clear. In soaked corn Rossman (1949b) found freezing either 
caused death or else had no effect. The seedling weights did 
not change nor did the rate of emergence. When fresh seeds 
were used the rate of emergence did not consistently change 
but the seedling weights were significantly reduced and the 
percent weak seedlings increased. The difference between the 
response of soaked versus fresh seeds was attributed to 
intracellular versus extracellular freezing. Neal (1961), 
using the cold test as a measure of vigor, measured a gradual 
decline in vigor with temperature in fresh corn seed which 
follows the results of Rossman. Burris and Knittle (1985) 
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also measured vigor in frozen corn and did not find it reduced 
significantly from that of the control. These two responses 
to freezing temperatures are also found in sorghum where 
Rosenow et al. (1962) found damage to be progressive while 
Carlson and Atkins (1960) found no appreciable reduction in 
seedling vigor due to temperature. Judd et al. (1982) worked 
with soybeans where vigor was measured by accelerated-aging 
and conductivity and found some cases of lower vigor but 
generally felt that vigor reductions followed germination 
reductions and provided evidence for intracellular freezing. 
Freeze duration 
Research involving freezing effects must take into 
account duration of exposure to the freezing temperatures. 
Corn (Kiesselbach and Ratcliff, 1920; McRostie, 1939; Neal, 
1961; Rossman, 1949b), sorghum (Carlson and Atkins, 1960; 
Kantor and Webster, 1967; Rosenow et al., 1962), and soybean 
(Judd et al., 1982) research has shown that as the freezing 
temperature is reduced, the duration of exposure necessary to 
cause damage is shorter. Rossman (1949b) demonstrated another 
difference between soaked and fresh corn seed with soaked seed 
germinations leveling off after various durations and fresh 
seed germinations continuing to drop off. 
Freezing rate 
Rossman (1949b) froze seed corn on ears with two starting 
temperatures, room temperature and 35 F. The 35 F treatment 
had mors damage probably due to the fact that it attained the 
freezing temperature sooner and held it longer than the pre-
warmed ears. He seemed convinced that this difference would 
mean that corn would be less susceptible to freezing following 
a warm day than a cool one. While it might take longer for 
the freezing temperature to be reached following a warm day, 
the factor being discussed is more a matter of duration rather 
than rate. No other seed research has looked at freezing 
rate. 
Thawing rate 
A number of thawing temperatures were also tested by 
Rossman {1949b) and he found no significant difference among 
them. 
Repeated freezing and thawing 
Discussions of repeated freezing and thawing seem to be 
unproductive since we seem to have so many things yet to 
understand about the single freezing event. Rossman (1949b) 
attempted to deal with this treatment in corn and concluded 
that the first killing frost was the most important. Some of 
this is due to the drying which takes place between frosts. 
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Continuous low temperatures were more damaging than repeated 
freezings when the time of exposure was the same because 
Rossman was again experiencing the duration problem, not a 
freezing and thawing cycle. Burris and Knittle (1985), by 
virtue of a natural frost that affected much of the seed 
industry, were able to test correlations between corn field 
freezing histories and laboratory performance. Their main 
finding was that the date of the first freeze correlated with 
warm germination and not with any of the other parameters such 
as cold test and accelerated-aging. None of the other field 
freezing history correlated with lab performance. McRostie 
(1939) did not examine repeated freezing and thawing but did 
compare fluctuating with continous freezing temperatures. 
Ears ranging in moisture content from below 15% to above 25% 
were exposed to the freezing temperatures for 4 months which 
is a much longer duration than that of any other research. 
The 5-day fluctations tended to cause more severe damage than 
treatments which were held continously at the low temperature. 
Drying rate after freezing 
Seed corn exposed to freezing temperatures if not killed 
may still be somewhat weakened or susceptible to other 
stresses. If freezing damage is due to cellular dehydration 
then another rapid dehydration right after freezing may cause 
additional damage. Rossman (1949b) dried corn in a drier at 
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an unknown temperature and dried corn hanging it in a shed. 
The slower shed drying resulted in higher germinations over 
all moistures. Unfortunately, the temperature of the seed 
drier was not reported so we cannot speculate as to whether or 
not the reduction in germination is due to fast drying or 
high-temperature drying. Burris and Knittle (1985) also 
tested drying treatments after freezing. They reported a 
significant effect due to the treatments, but there seemed to 
be a very strong interaction with genotype. 
Seed moisture 
Temperature and duration of exposure are well established 
environmental factors in freezing damage to seeds and so is 
seed moisture. Higher moisture seeds are more likely to 
suffer freezing damage (Carlson and Atkins, 1960; Judd et al., 
1982; Kantor and Webster, 1967; Neal, 1961; Robbins and 
Porter, 1946; Rosenow et al., 1962). Judd et al. (1982) point 
out that soybean seed can contain a much higher level of 
moisture than corn or sorghum seed without being injured by 
similar exposures (shown by Robbins and Porter, 1946). They 
then suggest that this variability could be related to the 
species differences in seed moisture at similar developmental 
stages. Physiological maturity is mentioned as a possible 
protective milestone in the seed's developmental life. One 
other possibility they did not mention is the great difference 
in composition between a soybean seed and a corn or sorghum 
seed. 
Seed moisture also may explain why soaked seeds in 
Rossman's research (1949b) were more damaged than fresh seeds 
in similar conditions. He measured the embryo moistures and 
found that at the same whole seed moisture level the embryos 
of the soaked seed were higher in moisture than those in the 
fresh seed. 
Plant part interrelationships 
Working with freezing damage often requires artificial 
environmental control. Most of the time this means bringing 
plant material in from the field to expose it to freezing 
temperatures. However, Rossman (1949b) with corn and Judd et 
al. (1982) with soybeans have both shown the importance of the 
entire plant when studying the freezing process. 
Rossman used soaked shell corn, fresh shell corn, husked 
ears, and ears with the husk intact all at the same moisture. 
When subjected to the same freezing conditions the soaked 
shell corn was damaged the worst, the shelled fresh was next, 
then the husked ear and finally, the intact ear suffered the 
least damage. It was felt that the shelled corn was at a 
disadvantage because it could not use the heat from the ear to 
slow the temperature change. The same logic was applied to 
the husk. Heat loss would be less if the husk was present. 
24 
An important thing to keep in mind is that Rossman didn't 
use the entire plant in his research. It is not understood 
what possible effect the stem and leaves could have on the 
freezing process. A little is known about it in soybeans. 
Judd et al. (1982) measured the amount of supercooling in 
green detached soybean pods and green attached pods. The seed 
in detached pods supercooled significantly further than seed 
in attached pods. This is possibly due to the fact that 
attached pods had the entire plant available for ice 
nucleation whereas the detached pods did not. This difference 
in supercooling ability resulted in greater damage to the 
seeds in attached pods at higher temperatures because they 
could not supercool as far as the detached. Seed taken from 
the plants in the field to the lab may tolerate more severe 
freezing conditions in the lab than it would in the field. 
Percent maximum dry weight 
At a given moisture two seeds may not be at the same 
percent maximum dry weight. Rossman (1949b) felt that this 
could play a part in freezing tolerance. He said that the 
protoplasm may be different at various percent maximum dry 
weights. He found a highly significant correlation between 
this measurement and tolerance of freezing. He also used this 
concept to explain some of the differences between the two 
years since the second year was drier and this meant that the 
r J  
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seed had a lower moisture at a given percent maximum dry 
weight. 
Seed size 
Again we turn to Rossman (1949b), who saw a 
nonsignificant trend toward smaller corn seed expressing a 
greater injury. No other research involving seed size and its 
effect on freezing tolerance was found. 
Genotype 
Some of the factors previously mentioned can be included 
under the general heading of genotype. This category is a 
catch-all to include these and any other plant-related 
factors. There are probably many that we are not aware of and 
do not understand the mechanisms for. Differences due to 
genotype have been demonstrated in corn by Kiesselbach and 
Ratcliff (1920), Rossman (1949a), and Neal (1961). Carlson 
and Atkins (1960) found genotypic differences in sorghum with 
respect to freezing tolerance. Rossman (1949a) was able to 
rank 25 corn genotypes over two years in a similar fashion. 
He found some sweet corn lines were the most tolerant and some 
popcorn lines were the least tolerant. He also was able to 
obtain preliminary information on the relative tolerance of 
the inbreds by soaking and freezing air-dry shelled seed. 
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Extraorgan freezing 
The extraorgan freezing phenomenon which takes place in 
floral buds of several species may also occur in the rewetted 
seeds of at least 32 woody and herbaceous species (Ishikawa 
and Sakai, 1982). Juntilla and Stushnoff (1977) and Keefe and 
Moore (1981) demonstrated that hydrated lettuce seeds, when 
cooled at rates greater than 20 C/min., supercooled and 
exhibited 2 exotherms. The first exotherm was due to freezing 
of extra endospermic envelope water and the second exotherm 
was associated with freezing of the endospermic and embryonic 
water and also resulted in death. Keefe and Moore (1981) also 
showed that at slower cooling rates the temperature at which 
the second exotherm occurred went from -10 C to -25 C. This 
was due to the movement of water from inside the endosperm 
envelope to the outside where it was frozen. This lowered the 
supercooling point of the embryonic water and enhanced its 
survival at lower temperatures. 
Methods to Determine Freezing Injury 
The methods which have been used to quantify freezing 
injury to plant tissues have been discussed by Levitt (1980), 
Olien and Smith (1981), and Sakai and Larcher (1987). Obvious 
tests involve measurements of plant survival or regrowth. 
Other tests mentioned are: vital staining using stains such 
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as neutral red, plasmolysis, protoplasmic streaming, 
electrical impedance, electrical conductivity, ninhydrin 
colorimetry, and dehydrogenase reducing capacity using 2, 3, 5 
-triphenyltetrazolium chloride (TTC). Two of the above tests 
have been used to measure freezing injury to seeds, in 
addition to various germination tests. The TTC test was 
evaluated by Bennett and Loomis (1949) and Goodsell (1948) for 
measurement of freezing injury of seed corn. Goodsell used 
nondried seed in an attempt to obtain quick estimates of seed 
quality. Nondried seed were often classified as viable by the 
TTC test even though actual germination tests showed that the 
seed had been damaged. His solution was to dry the seed to 
12% using 110 F circulated air before testing. When this 
procedure was used, correlation coefficients of v = 0.99 and 
0.97 were obtained in tests betwen tetrazolium readings and 
germination percentages, Tetrazolium percentages were 
generally higher than the germination percentages, which were 
approximately 95% of the tetrazolium readings. According to 
Goodsell, drying followed by TTC testing gave results within 
48 hours. 
Bennett and Loomis (1949) encountered the same problem 
that Goodsell had with viable and nonviable nondried seed both 
staining as though they were viable. They did not resort to 
drying but felt they could distinguish between live and dead 
by observing the staining intensity, tint, texture, presence 
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of unstained areas, and sharpness of cellular organization. 
They admitted that these criteria are difficult to describe, 
but felt an experienced observer could distinquish them. They 
found, as Goodsell did, that TTC readings were 5 to 10% higher 
than the actual germination percentages. 
The second test used for freezing injury to seed is 
electrical conductivity. This test is commonly applied to 
seed, especially large seeded legumes, as a general quality 
test. Judd et al. (1982) used it as an assay for freezing 
damage to soybeans. They did not attempt to evaluate the test 
for usefulness, but were using it as a measure of seed vigor, 
not viability. They found that significant increases in 
conductance were noted for green pods exposed to -2 C for 16 
hours. The standard germination of these seed was not 
affected. They did note that in most treatments vigor 
reductions did not occur until seed viability was reduced. 
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MATERIALS AND METHODS 
Production of plant materials 
The corn used in these experiments was grown on the 
Bruner Farm of Iowa gtate University. One exception to this 
was the production of some potted materials in 1985. Two 
genotypes, ND246 x A554Ht and A665 x CM105, were planted in 
pots outside the plant pathology greenhouse on the Iowa State 
University campus. These early maturing genotypes were 
intermated from one genotype to the other. If sufficient 
pollen was not available, H99 x H95 pollen was brought in from 
the field. 
In 1985 two sets of plots were grown on the Bruner Farm. 
One set included the female inbred parents B73, W64A, and 
A641. These plants were detasseled and wind pollinated by the 
pollen parent H99 x H95. An additional set of plots included 
19 inbred parents and H99 x H95 as females and used a mix of 
H99 X H95 and ND246 x A554Ht as the pollen parents. Again, 
the female plants were hand detasseled and wind pollinated. 
In 1986, only one female parent was used, B73. It was 
crossed as before with H99 x H95. In 1987 the same pollinator 
was used with three female parents, B73, M17, and A632. 
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Moisture determinations 
In 1985 moisture determinations were made on each ear 
harvested. Eight to 10 seeds were removed from the middle of 
the ear and oven dried for 2 days at 103 C. All moisture 
determinations are calculated on a fresh weight basis. In 
1986 and 1987 the moisture determination method was changed to 
reduce the amount of disruption to the husks. Instead of 
actually testing the experimental ears, 10 additional ears 
were harvested to use for moisture determinations. The rest 
of the procedure remained the same. 
Freezing protocol 
In 1985 experiments were conducted in a Sears Coldspot 
upright freezer which had been modified by the addition of an 
external thermostat. Before and after freezing treatments 
plants or ears were held in a cold room at 4 C for at least 
one hour to standardize rates of cooling. Since the ability 
of the freezer to hold a specific temperature was not good (±5 
C), after placing material in the freezer the thermostat was 
set at a very low temperature (-25 C) to expose the plant 
material to a constantly decreasing temperature. In 1986 a 
specially-modified Conviron E15 growth chamber capable of 
holding temperatures to ±0.1 C down to about -12 C was made 
available. From that time forth, experimental material was 
still chilled at 4 C for at least an hour before and after 
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freezing, but the temperature could be set and held for a 
specific period of time. When a period of time is mentioned, 
it will be the period of time during which the air temperature 
was at the desired level. The plant material itself would 
take some time to reach the air temperature level. In 1987 an 
additional freezer was used for experiments involving whole 
potted plants. This was a walk-in freezer in the food 
technology building which was set at a temperature of 4 C ±1 
C, 
Measurement of freezing characteristics 
In some experiments freezing characteristics were 
measured. These are all measurements relating to the exotherm 
which accompanies the change in state of water from a liquid 
to a solid. One of these measurements is the time elapsed 
from the beginning of the freezing exposure to the occurrence 
of the exotherm. I have termed this the exotime. The other 
three measurements are somewhat related. The lowest 
temperature just before the exotherm will be referred to as 
the super cooling point (SCPT). The highest temperature 
reached during the exotherm is named the exopeak. The 
difference between the SCPT and the exopeak will be called the 
super cooling amount (SCAMT). 
These exotherms were monitored using 24 gauge copper-
constantan thermocouples inserted into plant materials. These 
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thermocouples were multiplexed into a Zitech DTIOO Data Taker 
to allow the use of 92 thermocouples instead of 23. The data 
were sent directly to an IBM PC for storage. 
A computer program was written in Basic computer language 
to receive the data from the data taker and store it on the 
floppy diskettes. The program also graphed the temperatures 
for any thermocouple for any time period. This allowed the 
user to scan various thermocouples to determine if any 
exotherms had occurred. It was also possible to graph the 
difference between the air thermocouples and the sample 
thermocouples as a modified form of differential thermal 
analysis. 
Germination and seedling vigor measurements 
After drying at 35 C to about 12% moisture, samples were 
hand shelled, treated with 500 ppm Captan, and stored at 10 C 
for at least a month to equilibrate. Sterile warm and cold 
germination tests were conducted using rolled paper towels and 
50 seed per test. Warm germination tests were held at 25 C 
for 7 days. Cold tests were held at 10 C for 7 days and then 
moved to 25 C for 7 days. AOSA seed testing rules were used 
to classify seedlings as normal, abnormal, or dead. Only the 
normal seedlings are used when referring to germination 
percentages. In those cases where seedling weight or shoot to 
root ratios were determined, the plant materials used were the 
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normal seedlings from the warm germination test. Shoots and 
roots were cut from the seed and dried at 85 C for 24 hours to 
determine the seedling weight and shoot to root ratios. 
(Shoot weight/number of normal seedlings) + (root 
weight/number of normal seedlings) = seedling weight (mg). 
Conductivity 
After thawing, ears were husked and broken into halves. 
Fifty kernels from each basal half were carefully removed by 
flexing the kernels in the direction of the apex of the ear. 
Any kernels damaged during breaking the ear or those which had 
the pericarp torn during removal were discarded. The 50 
kernels were rinsed with deionized water and placed into trays 
with individual cells each containing 3.5 ml of deionized 
water. The remainder of each ear was dried at 35 C, and the 
seed was used for sterile warm and cold rolled towel 
germination tests. 
Electrical conductivity was measured at 1, 4, and 8 hours 
with the Automatic Seed Analyzer Model 610 (ASA-610). To test 
if leaching during a particular time interval may be 
important, the readings were used to calculate increases in 
conductivity from hours 1 to 4, 1 to 8, and 4 to 8. For each 
lot of 50 seed the mean and standard deviation were calculated 
for the 3 readings and the 3 intervals. Standard deviations 
were calculated as well as means because freezing damage could 
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cause a broadening of the distribution of individual seed 
conductivity readings and this might correlate with 
germination more closely than the conductivity mean. The 
distilled water conductivity averaged about 5 microamps. 
Leachate determinations 
Fifty seed from each ear were removed similarly to the 
conductivity method and placed in 30 ml of deionized water for 
1, 4, or 8 hours of soaking. After this the seeds were 
removed, and the remaining water was frozen until analysis. 
Carbohydrates were analyzed using the phenol-sulfuric acid 
procedure (Robyt and White, 1987, p. 217). Proteins were 
measured using the Bradford method (Robyt and White, p. 236). 
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RESULTS 
Plant Part Interrelationships Influencing Ice Nucleation 
Plant/ear relationships 
Three experiments were conducted in 1985 to compare the 
freezing characteristics (exotime, SCPT, SCAMT, and exopeak) 
of ears removed from the plant with those of ears still 
attached to the mother plant. Very early maturing genotypes, 
A665 X CM105 and ND246 x A554Ht, were grown in pots and 
transferred to an upright freezer when seed moisture 
percentages were 30 - 35%. Thermocouples were inserted in the 
base of the cob, the base of the seed (embryo) and the top of 
the seed (endosperm). The treatment temperature during the 
experiments steadily declined from 3 C to -13 C. The results 
for the freezing characteristic measurements are given in 
Tables 1-3 and the statistical significance probabilities 
associated with the F statistics are given in Table 4. Each 
freezing characteristic was significantly different (a = .05) 
for plant parts in 1 of the 3 harvests. Most often this was 
due to differences between the seed and the cob. None of the 
harvests had significant differences (a = .05) due to 
attachment for any freezing characteristic. 
In 1987 two experiments were conducted to compare 
freezing characteristics (Table 5), as well as subsequent 
Table 1. Comparison of freezing characteristics between 
intact and detached ears of the female parent 
A665 CM105 with 36% seed moisture 
M Exotime SCPT SCAMT Exopeak 










































Table 2. Comparison of freezing characteristics between 
intact and detached ears of the female parent 
ND246 { A554Ht with 34% moisture 
N Exotime SCPT SCAMT Exopeak 
(min) (C) (C) (C) 
Cob 
Intact 2 127.5 
Detached 2 162.0 
Embryo 
Intact 3 112.3 

























Table 3. Comparison of freezing characteristics between 
intact and detached ears of the female parent 
ND246 X A554Ht with 30% moisture 
N Exotime SCPT SCAMT Exopeak 
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Table 4. Significance probabilities associated with the F 
statistics for the 1985 plant/ear experiments 
A665 X CM105 ND246 x A554Ht ND246 x A554Ht 
at 36% moist. at 34% moist. at 30% moist. 
Exotime 
Attachment 0.835 0.438 0.699 
Part 0.677 0.037 0.065 
Attachment*Part 0.714 0.313 0.937 
SCANT 
Attachment 0.927 0.069 0.472 
Part 0.222 0.328 0.039 
Attachment*Part 0.552 0.405 0,283 
Exopeak 
Attachment 0.374 0.148 0.517 
Part 0.626 0.055 0.020 
Attachment*Part 0.985 0.432 0.742 
SCPT 
Attachment 0.351 0.076 0.367 
Part 0.268 0.086 0.005 
Attachment*Part 0.842 0.336 0.479 
40 
germination and seedling characteristics (Table 6). In these 
experiments 10 ears and 10 plants of the genotype H99 x H95 
were potted and moved into a walk-in freezer held at -4 C ± 1 
C. Table 7 presents the combined analysis statistical 
significance probabilities for all of the characteristics 
measured. Harvest differences (a = .05) were significant for 
exotime, exopeak, and warm germination. Only one significant 
difference was related to whether or not the ear was intact. 
This was the interaction of attachment and harvest. At 61% 
seed moisture the intact exotime was earlier than the detached 
(78 vs. 161.6 minutes), while at 47% seed moisture the reverse 
was true (243.1 vs. 200 minutes). 
In 1986 plant part combinations were studied in addition 
to examining freezing of attached versus detached ears. The 
freezing characteristics, germination, and seedling growth 
were compared for four freezing treatments: the entire plant 
(whole), above ground portions (aerial), ear with husk (husk), 
and ear with husk removed (ear)- Significant differences (a = 
.05) were noted for SCPT, SCAMT, warm germination, and cold 
germination between the ear with husk removed and the other 
three treatments (Table 8). The average SCPT for the ear 
treatment was -6.46 C while the 3 treatments ranged from -4.35 
to -3.69 C. These differences were reflected in the SCAMT 
averages with the ear treatment SCAMT of 3.27 C compared to 
the other SCAMT values from 1.51 to 1.75 C. The husk, aerial. 
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Table 5. Comparison of freezing characteristics 
between intact and detached ears of H99 :< H95 
N Exotime SCPT SCAMT Exopeak 
(min) (C) (C) (C) 
61% harvest 
Intact 8 78.0 -2.24 1.14 -1.10 
Detached 9 161.6 -2.70 1.51 -1.19 
48% harvest 
Intact 7 243.1 -3.06 1.23 -1.83 
Detached 10 200.0 -2.77 1.36 -1.41 
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Table 6. Comparison of germination and seedling growth 
between intact and detached ears of H99 % H95 
N Warm Cold Sht/ Sdlg 
germ germ rt wt 
(%) {%) ratio (mg) 
61% harvest 
Intact 8 37.6 








Intact 7 75.7 








Table 7. Significance probabilities associated with the F 
statistics for the 1987 plant/ear experiments 
Exotime SCPT SCAMT Exopeak 
Attachment 0.246 
Harvest 0.002 
Attachment * harvest 0.009 
0.685 0.240 0.487 
0.168 0.833 0.026 
0.199 0.569 0.196 
Warm Cold Sht/ Sdlg 
germ germ rt wt 
Attachment 0.196 0.622 0.451 0.150 
Harvest 0.001 0.814 0.873 0.384 
Attachment * harvest 0.317 0.992 0.687 0.430 
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Table 8. Freezing characteristics, germination, and seedling 
growth comparison between entire plants (whole), 
above ground portions (aerial), ear with husk 
(husk), and ear with husk removed^ 
N Exotime SCPT SCAMT Exopeak 
(min) (C) (C) (C) 
Ear 3 222.0 -6.46A 3.27A -3.19 
Husk 5 167.2 -3.69B 1.51B -2.19 
Aerial 5 178.8 -4.35B 1.70B -2.65 
Whole 5 212.6 -3.99B 1.75B -2.23 
Prob. 0.505 0.024 0.002 0.362 
Warm Cold Sht/ Sdlg 
germ germ rt wt 
(%) (%) ratio (mg) 
Ear 28.OB 22.7B 2.04 52.5 
Husk 84.OA 78. 4A 2.04 48.4 
Aerial 85.6A 87.6A 1.79 52.8 
Whole 91. 6A 92. 8A 2.05 55.1 
Prob. 0.001 0.001 0.210 0.174 
^Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
and whole treatments had warm germination averages from 84 to 
91.6% and cold germination averages from 7 8.4 to 92.8%. Warm 
germination averaged only 28% and cold germination only 22.7% 
for the ear treatment. 
Husk/Ear Relationships 
Having the plant attached did not influence any of the 
parameters measured. However, the dramatic difference due to 
removing the husk was tested further in 1986. Two additional 
experiments used intact and removed ears. The four treatments 
used were: ear with husk intact (husk), ear with husk intact 
but with all vascular connections from the husk to the ear 
severed at the base of the ear (severed), ear with husk 
attached but pulled down away from the ear (open), and ear 
with husk removed (bare). Once again the four freezing 
characteristics, germination percentages, and two seedling 
growth parameters were measured. In the preliminary study, 
only the SCAMT was significantly different between treatments 
(Table 9). The husk and severed treatments had the lowest 
SCAMT, 1.88 and 1.92 degrees, respectively, bare ears had the 
greatest SCAMT, 3.05 degrees, and open ears were intermediate, 
2.24 degrees. Table 10 shows the results for the second 
experiment in which more ears were used. All of the freezing 
characteristics and the germination tests showed significant 
differences. Only the seedling growth measurements were not 
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Table 9. 1986 Preliminary freezing characteristics, 
germination, and seedling growth comparison 
between ears with husk intact (husk), ears with 
husk intact but vascular connections from the husk 
to the ear severed at the base (severed), ears with 
husk attached but pulled down away from the ear 
(open), and ears with husk removed (bare)^ 
N Exotime SCPT SCAMT Exopeak 
(min) (C) (C) (C) 
Husk 5 125.4 -4.56 1.88A 
00 KO CM I 
Severed 5 137. 4 -4.44 1.92A -2.52 
Open 5 141.4 -5.22 2.24AB -2.98 
Bare 4 164.5 -6.03 3.05B -2.98 
Prob. 0.400 0.059 0.042 0.355 
Warm Cold Sht/ Sdlg 
germ germ rt wt 
(%) (%) ratio (mg) 
Husk 74.4 67.2 1.45 2.92 
Severed 66.4 69.6 1.77 3.54 
Open 54.5 44.0 1.68 3.34 
Bare 45.6 49.0 1.60 3.23 
Prob. 0.066 0.058 0.253 0.222 
^Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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Table 10. 1986 freezing characteristics, germination, and 
seedling growth comparison between ears with husk 
intact (husk), ears with husk intact but vascular 
connections from the husk to the ear severed at the 
base (severed), ears with husk attached but pulled 
down away from the ear (open), and ears with husk 
removed (bare)a 
N Exotime SCPT SCAMT Exopeak 
(min) (C) (C) (C) 
Husk 16 109.9A -2.51A 0.75A -1.76A 
Severed 16 97 .5A -2.93A 0.87A -1.94AB 
Open 15 113.3À -4.633 2.27B -2.36B 
Bare 10 166.6B -5.80C 3.33C -2.47B 
Prob. 0.036 0.001 0.001 0.022 
Warm Cold Sht/ Sdlg 
germ germ rt wt 
(%) (%) ratio (mg) 
Husk 63. 4A 74.OA 2.11 38.6 
Severed 50.8B 51. IB 1.96 37.6 
Open 37. IB 38.3C 2.17 39.1 
Bare 22. 4C 19. 2D 2.22 36.8 
Prob. 0.001 0.001 0.897 0.371 
&Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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affected by the treatments. For all of the freezing 
characteristics the husk treatment and the bare treatment were 
always different. The bare ear took longer to freeze, 166.6 
vs. 109.9 minutes, and nucleated at a lower temperature, -3.80 
vs. -0.51 C. In most cases the severed treatment resembled 
the husk treatment and the open treatment was intermediate. 
Both warm and cold germination values were highest for the 
husk treatment (63.4 and 74.0%) followed by the severed (50.8 
and 51.5%), open (37.1 and 38.3%), and, finally, husk 
treatments (22.4 and 19.2%). 
This experiment was repeated in 1987 with results 
presented in Table 11. Germination values were not 
significantly different although they still followed the same 
trend in results with treatments from husk and severed to open 
to bare exhibiting decreasing damage. No differences were 
noted in seedling growth measurements. Only three freezing 
characteristics showed differences: the exotime, SCPT, and 
SCAMT. The bare treatment no longer took the longest to 
nucleate, but was the quickest (84.2 minutes compared to 160.7 
for the husk treatment). The open treatment was again 
somewhat intermediate (96.1 minutes). This was a complete 
reversal from 1986 when the bare treatment took significantly 
longer to nucleate than the other treatments. The bare ear 
supercooled significantly lower (-5.34 C) from the other 
treatments (-4.35 to -4.52 C) and thus had a higher SCAMT 
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Table 11. 1987 freezing characteristics, germination, and 
seedling growth comparison between ears with husk 
intact (husk), ears with husk intact but vascular 
connections from the husk to the ear severed at 
the base (severed), ears with husk attached but 
pulled down away from the ear (open), and ears 
with husk removed (bare)^ 
N Exotime SCPT SCAMT Exopeak 
(min) (C) (C) (C) 
Husk 6 160.7A -4.40A 1.52A -2.88 
Severed 9 150.6AB -4.52A 1.52A -3.00 
Open 10 96.ICE -4.35A 1.45A -2.90 
Bare 9 84.2C -5.343 2.07B -3.28 
Prob. 0.026 0.001 0.030 0.473 
Warm Cold Sht/ Sdlg 
germ germ rt wt 
(%) (%) ratio (mg) 
Husk 61.3 68.7 1.48 50.8 
Severed 66.2 63.1 1.35 48.3 
Open 50.2 52.8 1.42 48.9 
Bare 43.3 44.9 1.32 49.9 
Prob. 0.067 0.112 0.8762 0.175 
^Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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Table 11. 1987 freezing characteristics, germination, and 
seedling growth comparison between ears with husk 
intact (husk), ears with husk intact but vascular 
connections from the husk to the ear severed at 
the base (severed), ears with husk attached but 
pulled down away from the ear (open), and ears 
with husk removed (bare)a 
N Exotime SCPT SCAMT Exopeak 
(min) (C) (C) (C) 
Husk 6 160.7A -4.40A 1.52A 
CO CO CM 1 
Severed 9 150.6AB -4.52A 1.52A -3.00 
Open 10 96.ICE -4.35A 1.45A -2.90 
Bare 9 84.2C -5.34B 2.07B -3.28 
Prob. 0.026 0.001 0.030 0.473 
Warm Cold Sht/ Sdlg 
germ germ rt wt 
( % )  ( % )  ratio (mg) 
Husk 61.3 68.7 1.48 50.8 
Severed 66.2 63.1 1.35 48.3 
Open 50.2 52.8 1.42 48.9 
Bare 43.3 44.9 1.32 49.9 
Prob. 0.067 0.112 0.8762 0.175 
^Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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(2.07 vs. 1.45 to 1.52 degrees). 
Ear/seed relationships 
In 1985 an experiment was performed to compare the 
freezing characteristics of bare ears versus single seeds 
(Table 12). W64A (45% moisture) and A641 (34% moisture) were 
the genotypes used. Significant differences were noted for 
exotime, SCPT, SCAMT and not for exopeak. The single seed 
nucleated faster (35.9 vs. 112.4 minutes) and supercooled much 
farther (-7.39 vs. -4.71 C) than the bare ear before freezing. 
A related experiment compared the freezing 
characteristics of single seed (SS), single seed wrapped in 
foam to slow cooling (SSF), single seeds which were removed to 
break vascular connections and replaced into the ear after 
painting the hole (R+R), and kernels still attached to the ear 
which had all adjacent kernels removed (RAK). Differences 
were found in SCPT between single seed treatments and 
treatments still involving the ear (Table 13). The SS and SSF 
treatments supercooled much farther (-6.93 and -7.53 C, 
respectively) than the RAK and R+R treatments (-4.85 and -4.01 
C, respectively). The exotimes were significantly different 
with SSF freezing the quickest (33 minutes) followed by SS 
(50.5 minutes), RAK (76.4 minutes), and R+R (102.3 minutes). 
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Table 12. Freezing characteristics comparison between 
seed on the ear (ear) and single seed 
removed from the ear (seed) 
N Exotime 
(min) 
Ear 12 112.4 
Seed 12 36.9 
Prob. 0.001 
SCPT SCAMT Exopeak 
(C) (C) (C) 
-4.71 1.78 -2.93 
-7.39 4.73 -2.67 
0.004 0.001 0.802 
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Table 13, Freezing characteristic comparison between 
single seed (SS), single seed wrapped in 
foam (SSF), single seeds removed and 
replaced on the ear (R+R), and kernels still 
attached to the ear with all adjacent 
kernels removed (RAK)^ 
N Exotime SCPT SCAMT Exopeak 
(min) (C) (C) (C) 
R+R 12 102.3A -4.01A 2.60A -2.25 
RAK 10 76.4B -4.85A 2.19A -1.82 
SS 12 50.5C -6.93B 6.06B -1.47 
SSF 12 33. OD -7.53B 5.58B -1.34 
Prob. .001 .001 .001 0.379 
^Means within a column followed by the same letter 
do not differ significantly at the 5% level of 
probability, according to Duncan's multiple range test. 
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Seed/seed relationships 
Two experiments were done in 1985 to clarify why more 
than one exotherm was occurring in seed frozen on the ear. In 
the first experiment an ear with the husk removed was 
monitored for freezing using 12 thermocouples arranged as 
shown in Figure 1. Thermocouples were read every 12 seconds. 
After 6 hours in the freezer which dropped from 3 to -13 C, 
data for the largest exotherm of each seed (only 11 of the 12 
showed clear exotherms) was recorded. Then adjacent seeds 
were checked for temperature increases during the minute after 
the large exotherm occurred. For example, in Table 14, seed 1 
froze at 289 minutes. Only two adjacent seeds had 
thermocouples, seeds 2 and 4. These two seed were checked for 
temperature increases for the minute after 289. Seed 2 (the 
down seed) increased by 0.6 degrees and seed 4 (the right 
seed) increased by 0.5 degrees. This process was continued 
with seed 2 being the center seed, and then seed 3, and so on. 
In one case, the largest exotherm for two adjacent seeds 
occurred at the same time. Seeds 2 and 3 were considered to 
have frozen simultaneously. Exotimes for the 11 seeds ranged 
from 63 to 289 minutes. The SCPTs ranged from -1.2 to -8.6 C 
and the SCAMTs ranged from 0.8 to 4.8 degrees. The average 
SCAMT for the center seed was 2.16 degrees. This compares 
with average adjacent seed temperature increases of 0.45, 
0.51, 0.32, and 0.20 for the seed up, down, right, and left, 
Ear tip 
1 4 7 10 
2 5 8 11 
3 6 9 X 
Ear base 
X = no discernible 
exotherm 
Figure 1. Seed identification and thermocouple 
arrangement for seed/seed experiment 1 
Table 14. Freezing characteristics of center seeds and 
temperature increases of adjacent seeds for 
seed/seed experiment 1 
Seed ID Exotime SCPT SCAMT Exopeak Up Down Right Left 
(min) (C) (C) (C) (C) (C) (C) (C) 
1 289 -8.6 1.5 -7.1 Na 0.6 0.5 N 
2 215 -4.4 1.0 -3.4 0.2 st) 0.3 N 
3 215 -4.4 1.2 -3.2 S N 0.4 N 
4 188 -5.3 4.5 -0.8 N 0.7 0.7 0.3 
5 63 -1.2 0.8 -0.4 0.3 0.3 0.2 0.0 
6 147 -5.2 4.8 -0.4 0.6 N 0.3 0.4 
7 137 —4.6 2.9 -1.7 N 0.4 0.0 0.4 
S 79 -2.4 1.7 -0.7 0.5 0.5 0.0 0.0 
9 93 -2.7 2.5 —0.2 0.7 N 0.5 0.3 
10 108 -2.4 1.9 -0.5 N 0.5 N 0.0 
11 188 -4.5 1.0 -3.5 0.4 0.6 N 0.2 
Mean 157 -4.15 2.16 -1.99 0.45 0.51 0.32 0.20 
&N = no measurement, 
s = simultaneous exotherm. 
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respectively. 
The second experiment resembled the first but more 
thermocouples and a different arrangement was used (Figure 2). 
Twenty-four thermocouples were used, but only 16 showed clear 
exotherms (Table 15). Four seed froze in one simultaneous 
event and 2 froze together in another. The range in exotime 
for the center seed was smaller, from 26 to 94 minutes. The 
SCPT range was still quite broad, ranging from -1.7 to -6.5 C. 
The range for SCAMT was from 0.8 to 2.0, which is smaller than 
the first experiment. The average SCAMT for the center seed, 
1.29 degrees, was less than in experiment 1. The average 
adjacent seed temperature increases were also smaller. The 
seed up, down, right, and left averaged 0.32, 0.42, 0.15, and 
0.25, respectively. In both experiments the adjacent seed up 
and down seemed to increase in temperature more than the right 
and left side seed. 
Damage timing 
Experiments were performed in 1986 and 1987 to determine 
the time necessary after the occurrence of an exotherm for the 
seed to be damaged. In the first 1986 experiment single seed 
were placed in beakers and cooled to -3 or -6 C. After the 
seed reached -3 or -6 C they were placed on petri dishes 
containing ice. The ice was to be the nucleation source and 




X X 2 
X 3 4 
X 5 X 
X 6 X 
7 8 X 
9 10 11 
12 13 14 
15 16 
X = no discernible exotherm. 
Ear base 
Figure 2. Seed identification and thermocouple arrangement 
for seed/seed experiment 2 
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Table 15. Freezing characteristics of center seeds and 
temperature increases of adjacent seeds for 
seed/seed experiment 2 
Seed ID Exotime SCPT SCAMT Exopeak Up Down Right Left 
(min) (C) (C) (C) (C) (C) (C) (C) 
1 63 -5.9 2.0 -3.9 Na 0.2 N N 
2 73 -5.9 1.2 -4.7 N 0.5 N 0.3 
3 27 -2.4 1.7 -0.7 0.0 0.4 0.0 0.4 
4 79 -6.3 1.3 — 5.0 0.7 0.4 N 0.2 
5 37 -1.7 1.6 -0.1 0.3 0.4 0.0 0.0 
6 26 -2.3 1.5 -0.8 0.3 0.5 0.0 0.0 
7 42 -1.8 0.8 -1.0 0.2 0.5 0.0 N 
8 27 -1.7 0.8 —0.9 sb S 0,2 0.4 
9 52 -2.8 1.6 -1.2 N 0.4 0.3 N 
10 28 -2.3 1.7 -0.6 S S 0.3 0.6 
11 94 -6.5 1.0 -5.5 0.7 S N 0.2 
12 33 -2.3 0.9 -1.4 0.0 0.3 0.0 N 
13 28 -1.7 1.4 -0.3 S 0.6 0.3 0.0 
14 93 -5.5 1.0 —4.5 S N N 0.3 
15 39 -2.4 1.1 -1.3 0.0 N 0.4 N 
16 12 -3.9 1.0 -2.9 0.7 N N 0.4 
Mean 47 -3.46 1.29 -2.18 0.32 0.42 0.15 0.25 
= No measurement 
= Simultaneous exotherm 
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Table 15, Warm germination results comparing 
ice-seeded versus nonseeded single 
seeds equilibrated to -6 C 
(no replications) 
Time after placement on ice (hr) 
0 13 5 






















the results of a preliminary experiment to test the nucleating 
ability of the ice. Fifteen seed after equilibrating to -6 C 
were either placed on the ice or were kept in the beakers for 
1, 3, or 6 hours. All of the single seed experiments for 1986 
show a high number of abnormals which were probably due to a 
conductivity test which was performed on the same seed used in 
the germination test. The number of dead seed for the 
unseeded 0 hour controls were both 0 out of 15. Only 1 seed 
was killed in the unseeded treatment and this was exposed to 
-6 C for 6 hours. After only one hour the seeded treatment 
had 6 dead seed. The 3 hour seeded treatment had 8 dead seed 
and the 6 hour seeded treatment had 3 dead. It would appear 
that the ice did have some effect as a nucleating agent. 
The first experiment in 1986 (Table 17) showed no damage 
occurring at -3 C while -6 C killed seed in similar amounts to 
the preliminary experiment. Significant differences (a = 
0.01) were found for temperature, time, and the 
temperature/time interaction for the number of dead seed. One 
hour after nucleation at -6 C the number of dead seed averaged 
5 out of 15. This did not change much with continuing cold 
exposure after 1 hour. 
A second 1986 experiment added a 0.5 hour time interval 
(Table 18). Once again no increase in dead seed was found for 
the -3 C temperature, while the -6 C treatment rose from 0 to 
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Table 17. Four replication averages for 15 seed 
treatment of warm germination results to 
determine length of time after nucleation 
necessary for damage 
Time after placement on ice (hrs) 
0  1 3  6  






0 .  00 
12.00 
3.00 
0 . 0 0  
7.50 
7.50 
0 . 0 0  
9.00 
5.75 


















Table 18. Four replication averages for 10 seed 
treatment of warm germination results to 
determine length of time after nucleation 
necessary for damage 
0 .5 1 3 6 












































2.25 to 5.5 to 0.25 seed out of 10 after 0, 0.5, 1, and 3 
hours, respectively. This second test seems to show a 
progression of damage up through the 3 hour treatment. 
Similar trends were seen in the 1987 experiments using 
single seed. Normal warm germination percentages are given 
because abnormals were not a problem without the conductivity 
test. Times after placement on the ice were shortened to 5, 
15, and 30 minutes, 1 and 2 hours. Table 19 shows 2 rows of 
25 seed each at -3 C. No reduction in normal warm germination 
was noted after any amount of time on smooth ice. 
Modifications of the nucleation agent were tried as shown 
in Table 20. Twenty-five seeds were exposed for the same time 
periods to -6 C. Smooth ice, ice which was scraped to form a 
rough surface, and rough ice plus misting with cold water were 
used to nucleate the seed. There was no apparent difference 
between the nucleation treatments as measured by warm normal 
germination. A trend of decreasing germination can be seen 
from 30 minutes onward. Even after 2 hours some seed are 
still not damaged. 
A small experiment was done using 20 seed per treatment 
to assure that all seed were nucleated. Each seed was cooled 
to -6 C and then placed on top of a piece of ice. A 
thermocouple was placed on top of the seed. Then the seed was 
misted with cold water. When an exotherm was noted for a 
seed, the time was recorded and the seed was removed after the 
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Table 19. Germination results 
to determine length 
for damage at -3 C 
using 25 seed per treatment 
of time after nucleation 
Time after placement on ice 
25 seed No ice 5 15 30 1 2 
(min) (min) (min) (hr) (hr) 
Warm germination (%) 
-3 C 
Smooth ice 96 96 100 96 96 96 
92 100 92 96 100 100 
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Table 20. Germination results using 25 seed per treatment 
to determine length of time after nucleation 
necessary for damage at -5 C 
Time after placement on ice 










Warm germination (%) 
— 6 C 
Smooth ice 100 38 100 56 52 36 
Rough ice 96 72 92 72 40 24 
100 100 92 64 20 0 
100 100 88 68 44 20 
96 100 96 32 8 4 
Ice and mist 96 100 96 80 32 0 
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designated treatment time. Table 21 shows that 30 minutes 
elapsed before significant reductions in germination occurred, 
but that all the seed were damaged after 1 hour. This 
complete damage differs from most of the other single seed 
experiments and is likely due to the less than 100% efficiency 
of the ice in nucleating every seed. 
Natural Frost 
In 1985, 3 replications of 20 genotypes (19 inbreds and 1 
single-cross) were exposed to a natural frost of -2 C for 
approximately 5 hours. The average moisture of the 20 
genotypes was 46% with extremes of 63.3 and 28.6%. 
Thermocouples were used to monitor kernels in 43 of the 60 
plots. Samples were harvested before and after the freeze to 
determine germination percentages and seedling growth 
characteristics (Tables 22 and 23). 
A split plot analysis was used for the germination and 
seedling growth data. Table 24 lists the significance 
probability levels for warm germination, cold germination, 
shoot-to-root ratio, and seedling weight. Significant 
differences (a = .05) were found between the main plots, 
genotypes, for warm and cold germination and for seedling 
weight. However, valid genotypic comparisons cannot be made 
because of the wide variation in seed moisture percentages. 
Significant differences occurred between the split plots, pre 
6 b  
Table 21. Germination results of seed monitored with 
thermocouples to determine length of time 
necessary after nucleation for damage at 
-6 C 
Time after exotherm 
20 seed No ice 5 15 30 1 
(min) (min) (min) (hr) 
Warm germination (%) 
-5 C 
ice mist 75 30 35 15 0 
and 
monitor 3 5 9 5 3 5 65 0 
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Table 22. Moisture, warm germination, and cold germination 
averages for the 20 genotypes exposed to 1985 
natural frost of -2 C for 5 hours& 
Average Pre Frost Post Frost Pre Frost Post Frost 

























































































































Average 46.0 93.2 91.3 95.2 81.6 
^A least significant difference of 6.4 may be used to 
compare pre and post cold germination values for any one 
genotype. 
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Table 23. Seedling dry weights and shoot/root ratios for the 
20 genotypes exposed to 1985 natural frost of 
-2 C for 5 hoursa 
Pre Frost Post Frost 
Seedling Seedling Pre Frost Post Frost 
Genotype Weight Weight Shoot/Root Shoot/Root 
B68 40.7 30.3 2.5 3.0 
Mo 17 49.7 37.7 2.3 2.9 
B57 50.3 42.0 1.9 2.6 
B14 49.7 42.0 2.5 2.7 
B37 53.0 48.7 2.7 3.1 
B73 53 .7 51.3 1.7 2.6 
H99XH95 49.0 45.7 2.3 2.8 
À619 62.3 52.7 2.1 2.9 
A632 59.3 58.0 1.8 2.2 
LH119 59.7 57.7 1.7 1.7 
LHE136 66.0 56.7 1.6 1.7 
LH132 58.3 49.7 1.5 2.4 
A634 54.0 50.3 1.9 2.1 
LH74 60.0 54.0 1.6 1.9 
W117 61.0 49.3 1.8 2.6 
W64A 52.0 51.0 1.7 1.6 
W153R 78.0 78.0 1.2 1.3 
CM105 54.0 52.7 1.7 2.2 
A635 41.7 45.3 2.2 2.2 
A641 59.7 58.3 1.9 2.9 
Average 55.9 50.6 1.9 2.4 
^The LSD for pre and post seedling weight comparisons is 
3.8 and for shoot/root ratios the LSD is 0.5. 
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Table 24. Significance probabilities associated with the 
























and post freeze, for cold germination, shoot-to-root ratio, 
and seedling weight. No significant difference was noted for 
warm germination values before and after the frost. The 
average cold germination fell from 95.2% to 81.6% after the 
frost. The average shoot-to-root ratio increased from 1.9 to 
2.4 and the seedling weight averages decreased from 55.9 to 
50.6 mg. A least significant difference of 6.4 was calculated 
to compare pre and post frost cold germination percentages for 
any 1 genotype. The LSD for pre and post frost shoot-to-root 
ratios is 0.5 and for seedling weight the LSD is 3.8. Figures 
3-5 show the relationship between seed moisture percentage and 
reduction in cold germination due to frost, seed moisture 
percentage, and shoot-to-root ratio increases, and seed 
moisture percentage and decrease in seedling weight. These 
figures are not statistically useful because the seed moisture 
percentages are confounded by the different genotypes. 
Nineteen of the 43 seeds with thermocouples inserted 
clearly demonstrated freezing exotherms. The mean SCPT was 
-1.28 C and the mean exopeak was -0.45 C. Seed moisture, 
germination, and seedling growth means comparing the 19 
exothermic plots with the 24 nonexothermic plots are given in 
Table 25. Since the number of thermocouples was limited and 
not all thermocouples had clear exotherms, no statistical 
analysis was attempted. The exothermic plots did appear to 
have higher seed moisture (50.7% vs. 42.15%), a larger 
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4 0  
3 5  
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Seed moisture (%) 
Figure 3. Relationship between seed moisture 
percentage and percent cold 
germination reduction due to 1985 
natural frost 
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Seed moisture (%) 
Figure 4. Relationship between seed moisture 
percentage and increase in shoot/ 
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Seedling weight decrease (mg) 
- 2  
- 4  
2 5  3 5  4 5  5 5  6 5  
Seed moisture (%) 
Figure 5. Relationship between seed moisture 
percentage and decrease in seedling 
dry weight due to 1985 natural 
frost 
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Table 25. Comparison of seed quality parameters associated 
with ears from the 1985 natural frost which 
showed exotherms versus those ears not 
displaying exotherms 
Exothermic Nonexothermic 
Pre Post Pre Post 
Seed Moisture (%) 50. 1 51.3 42.9 41,4 
Warm Germ (%) 91. 4 90.2 93.2 91.3 
Cold Germ (%) 95. 3 71.7 94.4 85.3 
Shoot/root 2. 0 2.5 2.1 2.4 
Seedling weight (mg) 53. 9 46.8 55.0 53.0 
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decrease in cold germination compared to the nonexothermic 
(23.6% vs. 9.1%) and a larger decrease in seedling weight (7.1 
vs. 2.0 mg). The increase in shoot-to-root ratio was also 
somewhat larger (0.5 vs. 0.3). 
Conductivity Testing for Freezing Damage to Maturing Seed 
Single genotype tests 
In a preliminary experiment done in 1985, 3 ears of B73 
at each of 2 seed moistures (54 and 38%) were exposed to -5 C 
for either 0, 4, 8, or 20 hours. Eight, 16, and 24 hour 
conductivity values were measured using 50 seed from each ear. 
These 50 seed were subsequently tested for warm germination as 
well as 50 seed from the remainder of the ear. Seedling 
weight and shoot-to-root ratios were determined from the 
germination samples which were not tested for conductivity. 
The warm germination values for the 50 seed/ear which were 
conductivity tested and the 50 seed/ear which were not are 
averaged into the combined warm germination test. 
F statistic significance probabilities for freezing 
duration, harvest moisture, and the duration by moisture 
interaction are given in Table 26. Significant differences (a 
= .05) between freezing durations were noted for all 3 
conductivity test lengths, both warm germination tests, and 
the shoot/root ratios. The seedling weights did not differ 
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Table 26. Significance probabilities associated with 
the F statistic for the 1985 preliminary 
conductivity study 
Significance Probabilities 
Freeze Harvest Freeze*Harv. 
Cond 8 .0001 , 0622 ,6656 
Cond 16 ,0001 ,1017 . 8068 
Cond 24 .0001 .0690 .8037 
Warm .0001 .6085 .8832 
Warm soaked .0001 .1954 .4025 
Combined warm .0001 .3641 .8216 
Sdlg wt ,3065 , 0009 .4190 
Sht rt .0018 .1360 ,2425 
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significantly due to freezing duration. The freeze duration 
by harvest moisture interaction was not significant and the 
only significant difference between harvest moistures was 
found for seedling weight. Averages for the germination 
tests, conductivity tests, and the seedling measurements are 
found in Table 27. Combined warm germination averages were 
not significantly different between the 0 hour and 4 hour 
freezing durations (97.0 vs. 96.7%, respectively). The 
germination value for the 8 hour duration was significantly 
different (79.2%) and the 20 hour duration germination value 
was also significantly (20.2%). Conductivity values after 8 
hours of soaking did not differ between the 0, 4, and 8 hour 
freezing durations (26.1, 32.5, and 42.8, respectively) but 
the 20 hour duration was significantly different (104.0). The 
16 hour and 24 hour conductivity values did not differ 
significantly between the 0 and 4 hour freezing durations. 
The 4 and 8 hour durations were not significantly different. 
The 20 hour duration differed significantly from the other 
freezing durations. The 16 and 24 hour conductivity results 
differed from the 8 hour conductivity results because the 8 
hour soaking period could not differentiate between the 0 and 
8 hour freezing durations while the 16 and 24 hour soaking 
periods could do so. Shoot-to-root ratios differed 
significantly between the 20 hour freezing duration and the 
other 3 durations. 
r r 
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Table 27. Averages for germination, conductivity, and 
seedling characteristics for the 1985 preliminary 
conductivity study ^  
Frz Warm Warm Warm Cond Sdlg Sht/ 
dur soaked combined 8 hr 16 hr 24hr wt rt 
(hr) (%) (%) (%) (microamps) (mg) 
0 99.7A 94.3À 97.OA 26.lA 33.8A 39.2A 64.7 0.75A 
4 97.7A 95.7A 96.7A 32.5A 44.4AB 54.8AB 53.2 0.93A 
8 77.3B 81.OA 79.2B 42.8A 57.4B 70.3B 61.8 0.72A 
20 24.OC 16.4B 20.2C 104.OB 140.3C 171.5C 54.5 1.51B 
^Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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Statistically significant correlations (a = .0001) were 
found between the combined warm germination values and the 3 
conductivity soak periods. The value for the correlation 
between the combined warm germination test and the 8 hour 
conductivity test was -.8739. The 16 hour conductivity test 
R2 was -.8990 and the 24 hour was -.8828. 
B73 at 2 seed moistures was used for conductivity testing 
in 1986 and 1987. The 1986 high and low seed moistures 
averaged 50% and 44%, respectively. The high and low seed 
moistures averaged 52% and 37%, respectively. Fifteen ears 
were exposed to -6 C for durations of 0, 2, 4, or 6 hours. 
Probabilities of the F statistic being significant for 
differences in germination and seedling characteristics are 
given in Table .28. Seed moisture and freeze duration were the 
main effects which resulted in significant differences in warm 
and cold germination. Warm and cold germination showed 
significant interactions of moisture with freeze duration and 
of year with freeze duration. The only significant main 
effect for the shoot-to-root ratio was the seed moisture and 
there were several significant interactions. Seedling weight 
showed significance for all main effects and all interactions. 
Probabilities of the F statistic being significant for 
differences in conductivity means are given in Table 29. The 
main effects of seed moisture, year and freeze duration 
resulted in significant differences in conductivity for all 6 
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Table 23. Significance probabilities of the F statistic 
for Che single genotype conductivity experiment, 
germination, and seedling characteristics 
differences 
Warm Cold Sht/ Sdlg 
germ germ rt wt 
Moisture .0001 .0001 .0090 . 0001 
Year .8902 .9484 .1701 .0001 
Freeze duration .0001 .0001 .0733 .0118 
Moisture by year . 4191 .1379 .0005 .0004 
Moisture by freeze 
duration . 0001 .0001 . 0088 . 0086 
Year by freeze 
duration .0033 . 0028 . 4033 . 0033 
Moisture by year by 
freeze duration .3244 .2663 . 0089 .0005 
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Table 29. Significance probabilities of the 
? statistic for the single genotype 
conductivity mean differences 
Conductivity Means 
1 hour 4 hour 8 hour 
Moisture . 0001 . 0001 .0001 
Year . 0001 . 0001 .0001 
Freeze duration .0001 .0001 .0001 
Moisture by year .0012 .0673 .0017 
Moisture by freeze 
duration . 0003 . 0001 .0001 
Year by freeze 
duration . 0001 . 0001 .0001 
Moisture by year 
by freeze 
duration . 0567 . 2504 . 5498 
4 -1 hour 8-1 hour 8-4 hour 
Moisture . 0001 .0001 .0001 
Year .0001 . 0001 . 0001 
Freeze duration .0001 .0001 .0001 
Moisture by year .0022 .0001 .0001 
Moisture by freeze 
duration . 0001 . 0001 .0033 
Year by freeze 
duration .0001 .0001 .0001 
Moisture by year 
by freeze 
duration .9175 .9702 .9319 
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reading intervals. All two-way interactions were also 
significant except for the moisture by year interaction of the 
4 hour conductivity mean. The three-way interaction was not 
significant for any reading interval. 
Probabilities of the F statistic being significant for 
differences in conductivity standard deviations are given in 
Table 30. All main effects were significant for all soak 
intervals except for moisture at the 4 hour soak period. The 
moisture by year interaction was significant for the 1 hour 
and the 4-1 hour interval readings. The moisture by freeze 
duration interaction was significant for all readings except 
the 1 hour and the 8-4 hour interval. The year by freeze 
duration interaction was significant for all readings and the 
three-way interaction was significant for all readings except 
the 8-4 hour interval. 
Germination and seedling characteristic averages for the 
individual harvests are given in Table 31. All significant 
differences noted with letters were calculated from the data 
for the individual harvest, not the overall anova. Warm and 
cold germination values were similar to each other in all 
cases. The only significant difference in warm germination 
not mirrored by the respective cold germination was the 
difference between 4 and 6 hour freeze durations for the low 
moisture harvest in 1987. The 0 and 2 hour durations never 
differed significantly. The 4 hour freeze duration was 
3 3  
Table 30. Significance probabilities of the F 
statistic for the single genotype 
conductivity standard deviation 
differences 
Conductivity Standard Deviations 
1 hour 4 hour 8 hour 
Moisture . 0280 .1765 .0414 
Year . 0001 .0001 .0001 
Freeze duration . 0001 .0001 .0001 
Moisture by year . 0001 .0691 . 4048 
Moisture by freeze 
duration . 0581 . 0006 .0009 
Year by freeze 
duration . 0103 . 0001 . 0001 
Moisture by year 
by freeze 
duration . 0014 . 0002 .0035 
4-1 hour 8-1 hour ! 
00 
Moisture . 0001 .0253 . 0039 
Year .0001 .0001 .0001 
Freeze duration . 0001 .0001 .0001 
Moisture by year . 0001 .4703 .0934 
Moisture by freeze 
duration . 0008 .0028 .6825 
Year by freeze 
duration . 0001 .0001 .0127 
Moisture by year 
by freeze 
duration .0001 .0053 .6779 
r 
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Table 31. Germination and seedling characteristic 
means for the single genotype 
conductivity experiment & 
1986 1987 
High Low High Low 
Moisture Moisture Moisture Moisture 
Freezing Warm Germination 
duration 
0 97.2A 99.7A 96.4A 97.9A 
2 97.5A 99.lA 97.2A 98. lA 
4 85.5B 96.7A 85.6B 90. 5B 
6 62.3C 78.8B 66.4C 85.5C 
Cold Germination 
0 99.7A 98.9A 98.9A 98.4A 
2 99.5A 99.2A 98.8A 98.5A 
4 90.IB 95.9A 85.IB 92.5B 
6 68.3C 78.8B 69.2C 88.5B 
Shoot/Root Ratio 
0 2.12 1.68 2.07 1.85 
2 1.84 2.08 2.13 1.91 
4 1.74 1.87 2.03 1.79 
6 1.90 2.05 2.03 1.82 
Seedling Weight 
0 39.7A 49.lA 35.6A 42.4 
2 44.OB 42.IB 34.3AB 43.1 
4 39.OA 48.lA 32.OB 42.7 
6 38.2A 39.2B 32.4AB 44.9 
^Means within a column followed by the same 
letter do not differ significantly at the 5% level 
of probability, according to Duncan's multiple 
range test. 
85 
significantly different from the 0 hour treatment for all 
harvests except the low moisture harvest in 1986 and the 6 
hour duration differed significantly from the 0 hour treatment 
in every harvest. The overall anova did not show significance 
for the shoot-to-root ratio. The seedling weights were 
significantly different for all harvests except the 1987 low 
moisture harvest. Although significant, no easily explained 
trend was evident. The averages for the 50 seed conductivity 
means are given in Table 32. In most cases the 0 and 2 hour 
durations were not significantly different, with the 4 hour 
duration significantly higher and the 6 hour duration 
significantly higher still. The 4-1 hour interval for the low 
moisture harvests in 1986 and 1987 and the 8-1 hour interval 
for the 1987 low moisture harvest did not follow that pattern. 
The averages for the 50 seed conductivity standard 
deviations, given in Table 33, did not follow this pattern 
either. While the standard deviation generally increased with 
freezing duration, no consistent pattern of significant 
differences was evident. 
R2 values for the correlation for each harvest of the 
conductivity means and standard deviations with warm 
germination are shown in Table 34. All correlations involving 
conductivity means are statistically significant at the a = 
.01 level. R2 values for the high moisture harvests means 
ranged from .59 to .76 which was higher than the range for low 
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Table 32. Conductivity means of the various soaking 




Freeze High Low High Low 
Duration Moisture Moisture Moisture Moisture 
1 hour soak 
0 9.6A 10. 3A 7. OA 6.2A 
2 9.3A 10.2A 7. OA 5.9A 
4 12.OB 11.7B 8.OB 7.4B 
6 14.6C 13.OC 9.6C 8.0C 
4 hour soak 
0 12.8A 12.7A 8.6A 8.5A 
2 13. 5A 13. lA 8.9A 8.4A 
4 19.4B 17.IB 12.2B 11. 4B 
6 25.4C 19. 9C 15.7C 12.4C 
8 hour soak 
0 17. 2A 16. 3A 10. 5A 10.7A 
2 18.4A 16. 7A 10. 9A 10. 6A 
4 26. 5B 22.7B 15.7B 14. 5B 
6 34.9C 27. OC 20. 5C 16.IC 
4-1 hour soak 
0 3.2A 2.6A 1.8A 2.3A 
2 4.2A 3.7B 2.2A 2.5A 
4 7.4B 6.2C 4.5B 4. OB 
6 10. 8C 7.7D 6.4C 4.3B 
8-1 hour soak 
0 7.6A 6.2A 3.6A 4.5A 
2 9.1A 7.1A 4.2A 4.7A 
4 14.5B 11.4B 7.9B 7. IB 




0 4.4A 3.8À 1.9A 2.2A 
2 4.9A 3.7A 2. OA 2.2A 
4 7.3B 5.8B 3.5B 3. IB 
6 9.5C 7.3C 4.7C 3.8C 
^ Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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Table 33. Conductivity standard deviations of the various 
soaking periods for the single genotype 
conductivity experiment^ 
Conductivity Standard Deviations 
1986 
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^Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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Table 34. values for the correlation of warm germination 
with conductivity means and standard deviations 
(single genotype experiment) 
Conductivity Time 1986 1987 
parameter of interval High Low High Low Overall 
50 seed (hr to hr) moisture moisture average 
-K" 
Mean 0 to 1 . 60* * .41* * .59* A .47** .52 
0 to 4 .75** .55* * .74* * .55** .65 
0 to 8 .74** .57* * .76* * .54** .65 
1 to 4 .75* * .49* * .71* A . 50* * .61 
1 to S .75** .55* A .73* A- . 47** . 63 
4 to 8 .59** . 44* A .67* * .36** .52 
Standard 0 to 1 . 52** .08* .01 . 09* .18 
deviation 0 to 4 . 40* * .18* A .57* * .30** .36 
0 to 8 .51** .36* * .53* * .27** .42 
1 to 4 .31** . 08* .56* A .30** .31 
1 to 8 .49** .29* * .51* A .23** .38 
4 to 8 .23** .31* A .36* A .13** .26 
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moisture harvests, .36 to .57. The highest values for time 
interval were from the 4 hour and the 8 hour readings. Both 
averaged .65 across the 4 harvests. 
Most of the standard deviations were significant at the a 
= .01 level but the values were much lower, ranging from 
.01 to .56 for the high moisture harvests and from .08 to .36 
for the low moisture harvest. 
Table 35 shows the values of the correlations of the 
conductivity means and standard deviations with the warm 
germination. (Si values for conductivity means were generally 
smaller for low moisture harvests. The overall average pi 
values for the 4 hour conductivity mean was -2.80 and for the 
8 hour conductivity mean was -2.00. The overall averages for 
the conductivity standard deviations were much higher, as 
expected. Figures 6-7 show the correlation of the 8 hour 
conductivity means with warm germination for the 4 harvests 
and Figures 8-9 show the correlation of the 8 hour 
conductivity standard deviation with warm germination. 
Multiple genotype study 
Three genotypes at 2 seed moistures were used in 1987 for 
conductivity testing. A632 averaged 47% seed moisture at the 
high moisture harvest and 29% at the low moisture harvest. 
B73 averaged 54 and 37% and Mol7 averaged 55 and 40%. The 
same freeze durations of 0, 2, 4, or 6 hours were applied to 5 
9 0  
Table 35. |3i values associated with correlation of warm 
germination with conductivity means and standard 
deviations (single genotype experiment) 
Conductivity Time 1986 1987 
parameter of interval High Low High Low Overall 
50 seed (hr to hr) moisture moisture average 
f3i 
Mean 0 to 1 -4. 78 -4 . 06 - 8 . 53 -4 .77 -5. 54 
0 to 4 -2. 44 -2 .11 -3 . 95 -2 .70 -2. 80 
0 to 8 -1. 71 -1 .49 -2. 80 -2 .01 -2. 00 
1 to 4 -4. 14 -2 . 91 -5. 95 -4 .74 -4. 44 
1 to 8 -2 . 46 . 93 -3. 64 -2 .75 -2. 70 
4 to 8 -4. 80 -3 .55 — 8 . 61 -5 .29 -5. 46 
Standard 0 to 1 -15. 75 -1 .36 -0. 83 -3 .56 -5. 38 
deviation 0 to 4 -5. 13 -2 .16 -11. 30 -4 .93 -5. 88 
0 to 8 -4. 35 -2 . 80 —6. 90 -3 .24 -4. 32 
1 to 4 —6. 89 -1 .18 -15. 35 -8 .23 -7. 91 
1 to 8 -5. 55 -2 .53 - 8. 08 -3 .64 -4. 95 
4 to 8 — 6 . 99 -4 .10 -12. 25 -5 .22 -7. 14 
»• 
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Figure 6. Relationship between warm germination 
percentage and conductivity for 1986 
high and low moisture harvests of B73 
(single genotype study) 
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Figure 7. Relationship between warm germination 
percentage and conductivity for 1987 
high and low moisture harvests of B73 
single genotype study) 
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Figure 8. Relationship between warm germination 
and conductivity standard deviation for 
1986 high and low moisture harvests of 
B73 (single genotype study) 
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ears instead of 15. 
Probabilities of the F statistic being significant for 
differences in germination and seedling characteristics are 
given in Table 36. Seed moisture and genotype were 
significant main effects for warm and cold germination, 
shoot/root ratio, and seedling weight. Freeze duration was a 
significant main effect for warm and cold germination, and 
seedling weight. There was no moisture by genotype 
interaction. Moisture interacted with freeze duration for 
warm and cold germination, shoot/root ratios and seedling 
weight. The genotype by freeze duration and the 3 way 
interaction were significant for warm germination and 
shoot/root ratio, but not for cold germination and seedling 
weight. 
Table 37 lists the probabilities of the F statistic being 
significant for differences in conductivity means for the 6 
soaking intervals. All main effects were significant as were 
all moisture by genotype interactions and the 3 way 
interactions. Moisture by freeze duration was not significant 
for the 1 or 4 hour readings and the genotype by freeze 
duration interaction was not significant for the 1 hour 
reading on the 8-4 hour interval. 
Probabilities of the F statistic being significant for 
differences in conductivity standard deviations are given in 
Table 38. All main effects are significant except for the 
9 6  
Table 36. Significance probabilities of the F statistic for 
the multiple genotype conductivity experiment, 
germination, and seedling characteristic 
differences 
Warm Cold Sht/ Sdlg 
germ germ rt wt 
Moisture .0001 . 0001 .0001 .0001 
Genotype .0001 .0001 ,0001 .0001 
Freeze duration .0001 .0001 .0866 .0030 
Moisture by genotype .1518 .1025 . 4697 . 8229 
Moisture by freeze 
duration .0001 . 0028 . 0001 .0001 
Genotype by freeze 
duration . 0016 . 4609 .0309 .2009 
Moisture by genotype by 
freeze duration . 0034 .1201 . 0300 .2332 
Table 37. Significance probabilities of the 
F statistic for the multiple 
genotype conductivity mean 
differences 
Conductivity Means 
1 hour 4 hour 8 hour 
Moisture .0001 .0001 .0001 
Genotype .0001 .0001 .0001 
Freeze duration .0001 .0001 .0001 
Moisture by 
genotype .0240 .0001 .0001 
Moisture by freeze 
duration . 5251 .0855 .0015 
Genotype by freeze 
duration .1361 . 0073 . 0042 
Moisture by 
genotype by 
freeze duration .0124 ,0005 .0001 
4-•1 hour 8-1 hour 8-4 hour 
Moisture .0001 .0001 .0001 
Genotype .0001 .0001 .0001 
Freeze duration .0001 .0001 . 0001 
Moisture by 
genotype .0001 . 0001 .0001 
Moisture by freeze 
duration .0051 .0001 .0001 
Genotype by freeze 
duration .0094 .0083 .0637 
Moisture by 
genotype by 
freeze duration .0008 .0001 . 0006 
Table 38. Significance probabilities of the 
F statistic for the multiple 
genotype conductivity standard 
deviation differences 
Conductivity Standard D eviations 
1 hour 4 hour 8 hour 
Moisture .1304 .0001 .0001 
Genotype .5276 .0001 .0001 
Freeze duration . 0009 . 0001 .0001 
Moisture by 
genotype .3470 . 5241 .4950 
Moisture by freeze 
duration . 0177 . 0004 .0040 
Genotype by freeze 
duration . 5507 . 0160 .0267 
Moisture by 
genotype by 
freeze duration .1115 . 0043 .0022 
4-•1 hour 8-1 hour 8-4 hour 
Moisture .0090 .0001 .0001 
Genotype .0003 .0001 .0001 
Freeze duration .0001 .0001 .0001 
Moisture by 
genotype .7258 .4100 .7128 
Moisture by freeze 
duration .0178 .0178 . 0438 
Genotype by freeze 
duration .0254 .0565 .0298 
Moisture by 
genotype by 
freeze duration .0006 .0013 .0368 
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moisture and genotype effects for the 1 hour reading. No 
moisture by genotype interactions were significant. All 
moisture by freeze duration interactions were significant. 
Genotype by freeze duration interactions were not significant 
for the 1 hour reading or the 8-1 hour interval. The 3 way 
interaction was significant for all but the 1 hour reading. 
Table 39 lists averages for germination and seedling 
characteristics for each individual harvest. All 
alphabetically-denoted differences were calculated on the 
individual harvest data alone. Warm germination and cold 
germination values did not mimic each other as in the previous 
experiments. The high moisture A632 harvest showed a 
significant reduction in warm germination for only the 6 hour 
freezing duration and the low moisture A632 harvest showed no 
reduction in warm germination. The cold germination of A632 
for both harvests showed more damage. High moisture B73 
showed a significant reduction in warm and cold germination 
after the 6 hour freezing duration. The warm germination of 
the low moisture harvest showed a reduction for the 6 hour 
duration but no reduction was seen in cold germination. Mol7 
was significantly damaged as measured by warm germination 
after 4 hours for the high moisture harvest and after only 2 
for the low moisture harvest. No significant reduction in 
cold germination was seen for either harvest of Mol7. No 
significant shoot/root ratios existed in any harvest for any 
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Table 39. Germination and seedling characteristic means for 
the multiple genotype conductivity experiment^ 










0 95.5A 100.0 96.OA 95.6AB 74.0AB 94.4A 
2 91.2A 96.4 89.2A 96.OA 86.OA 83.63 
4 91.6A 96.8 94.8A 92.8AB 60.4BC 80.8B 
6 68.SB 96.4 42.8B 89.2B 45.2C 78.4B 
Cold germination 
0 97.2A 98.0AB 98.OA 97.6 75.6 74.0 
2 83.6AB 100,OA 94.4A 90.8 78.0 88.8 
4 72.0BC 97.6AB 91.6A 88.8 61.2 84.0 
6 56.4C 90.OB 52.8B 85.6 56.0 65.6 
Shoot/root ratio 
0 1.79 1.76 1.95 1.85 1.72 1.53 
2 2.07 2.03 1.91 2.06 1.81 1.62 
4 1.96 1.43 2.47 1.52 2.12 1.59 
6 2.08 1.63 2.27 1.66 1.65 1.58 
Seedling weight 
0 41.2 49.6A 31.OA 36.8AB 32.0AB 39.5A 
2 37.3 41.5B 30.5AB 31.2B 37.OA 32.OB 
4 39.0 50.2A 25.9AB 37.6A 28.7B 39.5A 
6 35.8 40.6B 24.8B 35.5AB 29.1AB 39.9A 
^Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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genotype. Some significant differences existed for seedling 
weight in all but the high moisture A632 harvest. No clear 
pattern of freezing duration effects could be determined. 
Fifty seed conductivity mean averages are given in Table 
40. Every harvest showed significant differences for every 
reading interval. No consistent patterns were evident as 
would be expected given the germination data. Not all of the 
reading intervals for each harvest showed significant 
differences in 50 seed conductivity standard deviations (Table 
41) . 
The R= values for the correlation for each harvest of the 
conductivity means and standard deviations with warm 
germination are shown in Table 42. All conductivity means 
were highly correlated (a = 0.01) for the high moisture A632 
harvest and none of the means were correlated with the low 
moisture harvest. Mol7 showed similar results with only the 
8-4 hour interval differing. It was only significant at the a 
= 0.05 level for the high moisture harvest and was also 
significant (a = 0.05) at the low moisture harvest. B73 Rz 
values were highly correlated for all mean reading intervals 
except the 1 hour reading for the low moisture harvest which 
was significant at the a = .05 level. The overall averages of 
the R: values varied little, from .34 to .40. The 8 hour 
reading had the .40 average. 
The conductivity standard deviations R^ values were lower 
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Table 40. Conductivity means of the various soaking periods 












1 hour soak 
0 6. 5A 5 .lA 6.4A 5. 5A 7 .lA 6.3A 
2 7. 2AB 5 .7B 6.7A 6. OA 7 .4A 7. OAB 
4 7. 4B 6 .3C 6.9A 6. 9B 8 .7B 7.5AB 
6 8. 2C 6 . 6C 9.4B 7. 2B 8 .4B 8.5B 
4 hour soak 
0 8. lA 5 .OA 8.1A 7. 3A 10 .OA 9. OA 
2 10. IB 6 .3A 8.7A 8. 6A 10 . 8A 9.9A 
4 11. 8C 7 .OB 10.9B 10. 3B 13 .5B 11. lA 
6 12. 5C 8 .OC 16.IC 11. 5B 13 .4B 14.3B 
S hour soak 
0 10. OA 6 . 8A 10. OA 9. 5A 13 .OA 10. 9A 
2 12. OA 6 .9A 10. 5A 11. 4AB 13 .6A 12. 3A 
4 15. 2B 7 .lA 14.IB 13. 7BC 18 .2B 13.4A 
6 16. 6B 8 .7B 22. 4C 15. OC 17 .8B 18. 2B 
4-1 hour soak 
0 1. 6A 1 .OB 1.6A 1. 8A 2 . 8A 2.7A 
2 2. 9B 0 .6A 2. OA 2. 7AB 3 . 4AB 2.9A 
4 4. 4C 0 .9AB 3.9B 3. 6BC 4 .9B 3.6A 
6 4. 5C 1 . 3C 7.2C 4. 3C 5 .OB 5.8B 
8-1 hour soak 
0 3. 4A 1 .7BC 3.6A 4. lA 5 . 8A 4.6A 
2 4. 8A 1 . 2AB 3.8A 5. 4AB 6 .2A 5.2A 
4 7. 8B 1 .OA 7. IB 6. 9BC 9 . 5B 5.9A 
6 8. 6B 2 .IC 13.3C 7. 8C 9 . 4B 9.8B 
8-4 hour soak 
0 1. 9A 0 . 8B 1.9A 2. 3A 3 . OAB 1.9A 
2 1. 9A 0 . 6AB 1.8A 2. 8AB 2 . 8A 2.3A 
4 3. 4B 0 . 2A 3.2B 3. 4B 4 .7C 2.2A 
6 4. IB 0 . 8B 6.3C 3. 5B 4 . 4BC 3.9B 
^ Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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Table 41. Conductivity standard deviations of the various 
soaking periods for the multiple genotype 
conductivity experiment^ 
Conductivity Standard Deviations 









1 hour soak 
0 0.56 0.54 0.62A 0.62 
2 0.72B 0,70 0.61A 0.91 
4 0.86 1.35 0.85A 1.33 



































































4-1 hour soak 
0 0.80A 0.89 0.89A 0.85A 0.87A 1.04A 
2 1.14AB 0.92 0.87A 1.32AB 1.03A 0.96A 
4 1.36B 0.78 1.84B 2.14B 2.77B 1.15A 
6 1.47B 0.67 2.71C 1.32AB 1.81AB 2.12B 






















































^ Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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Table 42. values for the correlation of warm germination 
with conductivity means and standard deviations 
(multiple genotype experiment) 
À632 B73 Mol7 
Conductivity 
parameter Time Moisture Moisture Moisture Overall 
of 50 seed interval high low high low high low average 
hr to hr •R2 
Mean 0 to 1 .60* k .09 . 82* A .30* .32* A .03 .36 
0 to 4 . 47* Â .14 .72* k .49* A .42* A .06 .38 
0 to 8 .50* M .13 .73* k .50* A .40* A .12 .40 
1 to 4 . 39* k .10 .57* k .63* A .43* A .05 .38 
1 to S . 46* k . 08 .70* k .56* A . 41* A .12 .39 
4 to 8 . 48* k .01 .71* * . 39* A .25* .21* .34 
Standard 0 to 1 .28* .00 .54* A .48* A .14 .06 .25 
deviation 0 to 4 .40* k .35** .53* A .42* A .24* .00 .32 
0 to 8 . 49* A .36** .56* A .40* A .19 .02 .34 
1 to 4 .30* .04 .58* A .32* A .24* .00 .25 
1 to 8 .44* A .34** .54* A .34* A .18 .05 .32 
4 to 8 .41* k .08 .68* A .36* A .18 .17 .31 
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than the conductivity means and many of them were not 
significant, especially for Mol7. All of the B73 R2 values 
for standard deviations were highly significant for all 
readings. Table 43 lists the Pi values for the conductivity 
means and standard deviations. The 3i values were lower for 
the low moisture harvests and for the means. The 8 hour mean 
had the lowest Pt overall average of -2.39. 
Figures 10-12 show the correlations of the 8 hour 50 seed 
conductivity means with warm germination for each harvest and 
genotype. 
Leachates 
B73 was harvested at 52% and 37% seed moisture in 1987 
and exposed to 0, 2, 4, and 6 hours of -6C. Seed from 3 ears 
per treatment were used for warm and cold germination tests, 
bulk conductivity test, and carbohydrate and protein leakage 
quantification. The significance probabilities of the F tests 
for differences between the freezing treatments of each 
harvest are given in Table 44. At the 52% moisture harvest 
significant differences (a = .05) between freezing treatments 
were noted for warm germination, conductivity, and 
carbohydrate leakage. Significant differences for the 37% 
moisture harvest occurred between freezing treatments for only 
the cold germination. The means and differences are listed in 
Table 45. 
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Table 43. pi value associated with correlation of warm 
germination with conductivity means and standard 
deviations (multiple genotype experiment) 
À632 B73 Mol7 
Conductivity 
parameter Time Moisture Moisture Moisture Overall 
of 50 seed interval high low high low high low average 
IIL LU liL P 
Mean 0 to 1 -11 .81 -1. 98 -16 .64 -3. 28 -14 . 62 -1. 29 -8 .27 
0 to 4 -4 .03 -1. 93 -6 .00 -i. 35 -5 .93 -0. 88 -3 .45 
0 to 8 -2 .65 -1. 63 -3 .38 -1. 38 -3 . 90 -0. 92 -2 .39 
CO 4 -5 .35 -4 . 17 -3 ,19 -3. 24 -3 .77 -1. 18 — 5 .15 
1 to a -3 .14 -2. 10 -4 .75 -1. 96 -4 .95 -1. 14 -3 .01 
4 to 8 -6 .27 -1. 32 -10 .38 -3. 90 -7 .79 -3. 33 -5 .50 
Standard 0 to 1 -5 .08 0. 01 -11 .37 -5. 07 -15 .03 5. 64 -5 .15 
deviation 0 to 4 -15 .57 -7. 50 -14 .70 -3. 73 -6 .66 0. 16 -8 .00 
0 to 8 -10 .55 -4. 35 -9 .12 -2. 05 -3 .74 -1. 50 -5 .22 
1 to 4 -17 .41 -2. 63 -21 .89 -3. 15 -9 .81 -0. 87 -9 .29 
1 to 3 -11 .76 -5. 35 -10 .84 -1. 87 -4 .45 -2. 42 -6 .12 
4 to 8 -19 .58 -3. 62 -24 .19 -4. 40 -9 .92 -9. 08-•11 . 80 
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Figure 10. Relationship between warm germination 
percentage and conductivity for 1987 
high and low moisture harvests of 
À632 
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Table 44. Significance probabilities of F 
statistic for differences due to 
freezing duration for the leachate 
experiment 
52% harvest 37% harvest 
Warm germination .0058 .1247 
Cold germination .0844 .0232 
Conductivity .0001 .0519 
Carbohydrates .0416 .0604 
Proteins .1318 .3213 
Ill 
Table 45. Leachate experiment means for germination, 
conductivity, carbohydrates, and protein assays^ 
Warm Cold Conductivity Carbohydrates Proteins 
germ germ 































0 98,0 100.OA 46.3 
2 98.7 94.7AB 48.0 
4 94.7 88.OB 60.7 









^ Means within a column followed by the same letter do 
not differ significantly at the 5% level of probability, 
according to Duncan's multiple range test. 
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Table 46 lists the correlations and significance 
probabilities for the 5 measurements of each harvest. They 
are also shown graphically in Figures 13-22. Measurements 
which were significantly correlated (a = .05) for both 
harvests include warm germination/cold germination .760 and 
.538 for the high and low moisture harvests respectively, warm 
germination/conductivity, -.843 and -.680, cold 
germination/conductivity, -.652 and -.591, and conductivity/ 
carbohydrate .853 and .610. The only high moisture harvest 
correlation which was not significant was the cold 
germination/carbohydrate correlation. The low moisture 
harvest correlations with protein were not significant nor 
were the correlations of carbohydrates with warm and cold 
germination. 
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Table 46. Correlations and significance probabilities of 
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DISCUSSION 
Ice Nucleation and Plant Part Interrelationships 
Ice nucleation and consequent corn seed damage during 
freezing chamber experiments can be greatly influenced by the 
presence or absence of various corn plant tissues. This was 
demonstrated most clearly when single seed were compared to 
seed still attached to the ear. The single seed nucleated 
more rapidly and supercooled 2 to 3 C farther than the 
attached seed (Tables 12 and 13). Lowering of the 
supercooling point of single seed may be due to the small size 
of the seed relative to the entire ear. The smaller sample 
will have fewer external or internal nucleators present. 
Ashworth and Davis (1984) showed that smaller peach stem 
samples nucleated at lower temperatures and Anderson and 
Ashworth (1985) found similar sample size effects with 
tomatoes. This information coupled with the fact that 
nucleation in samples substantially supercooled is more 
injurious than freezing in a sample with little supercooling 
(Burke et al., 1976) may explain why Rossman (1949b) found 
damage severity to increase as he moved from intact ears to 
husked ears to shell corn. Each step removes some tissue and 
associated nucleators which results in greater supercooling 
before freezing and greater damage. 
Attempts to determine the effects of attachment of 
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vegetative parts by comparing whole plants to intact ears did 
not show significant differences in freezing characteristics 
such as exotime or SCPT. Germination and seedling 
characteristics were also unchanged (Tables 1 to 8). 
Apparently the husk alone maintains "whole plant" cooling 
rates and also provides the critical mass of green tissue 
necessary for "whole plant" nucleation as well. It is 
difficult to speculate if this relationship holds in a field 
situation where radiation cooling is a factor. 
While the presence of roots, stalk, and leaves may not be 
critical to nucleation results, the husk is very important. 
The necessity of the husk was demonstrated in experiments 
comparing freezing, germination, and seedling characteristics 
of various husk treatments (Tables 9 to 11). Intact ears and 
vascular severed ears performed similarly over all freezing 
and germination characteristics measured. The characteristics 
of the bare ear were usually different from the previous two 
treatments. Bare ears supercooled further than intact ears 
and were damaged more severely. In 1986 the bare ears 
nucleated significantly later than intact ears and in 1987 the 
bare ears nucleated sooner. Removal of the husk may cause 
changes in nucleation for at least 4 reasons. The first is 
the reduction of sample size mentioned earlier which would 
reduce the total number of nucleation sites. The second 
reason the husk may be important involves INA bacteria. It 
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may be that the epiphytic bacteria are present in much large 
numbers on the outer husk layers and the numbers of bacteria 
present on the seed or cob may be very limited. When the husk 
is removed these potent nucleators are no longer present. A 
third reason for changes in nucleation due to husk removal is 
that early in the season the husk may have a higher moisture 
content and it would nucleate sooner than the drier seed and 
inoculate the rest of the ear with ice. Husk moistures were 
not measured in these experiments and the comparison of 
bacterial numbers between husk and seed has not been done to 
my knowledge. 
The fourth reason is that the bare ears may be cooling at a 
faster rate and would supercool further before nucleation. 
This may not apply here because the rate of cooling did not 
seem drastically different between the treatments and in 1986 
the bare ears did nucleate significantly later than the intact 
ears. 
The final husk treatment used was an open ear with the 
husk attached but pulled down. This treatment was usually 
intermediate in SCPT between the intact and the bare ears. It 
is interesting to note that the vascular severed treatment 
resembled the intact ear while the open ear was intermediate. 
The explanation for this could again be due to cooling rate 
differences but this still seems unlikely. A second 
possibility is that ice movement from the husk to the ear 
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involves more than vascular travel. If vascular travel is the 
primary route of kernel seeding with ice then the open ear 
should have nucleated similarly to intact ears and the 
vascular severed should have supercooled further before 
nucleation. This did not happen and it may be that the ice is 
able to move directly from the husk to the adjacent seed 
through the seed coat. This would allow the vascular severed 
treatment to resemble the intact ear and explain why the open 
ear supercooled more. This may not be possible because Lucas 
(1954) did not find ice capable of traveling directly from one 
lemon vesicle to the next. 
Nucleation of the individual seed on an ear seems to be 
very random (Tables 14 and 15). Some of this may be due to 
the natural variation of seed moisture on an ear. A second 
reason for the random appearance is that any effects from husk 
normally touching the seed has been disturbed to facilitate 
thermocouple usage. The third possibility concerns the heat 
released when ice forms in a seed. This heat is disseminated 
to adjacent seed. Seed in the same row were heated more than 
seed in adjacent rows. This would be expected since the 
shared surface area of the seed is greater between seed in the 
same row and this offers more surface for the flow of heat. 
Ashworth et al. (1985) noted that nectarine tree trunks were 
several degrees warmer than the air for several hours after 
nucleation and attributed this to the long period of time 
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necessary for the large trunk to dissipate the heat. 
Once nucleation does occur at -6 C, it may be damaging to 
single seed with as little as 15 to 30 minutes of additional 
exposure (Tables 16 to 21). Seed apparently nucleated at -3 C 
did not show damage after 6 hours. The -3 C data may not be 
important because no chamber experiment using -3 C was 
damaging during the 3 years I froze corn. Measurable damage 
did occur in the field at a temperature of -2 C (Tables 22 to 
25). Not only was germination reduced, but seedling dry 
weights and shoot-to-root ratios were also affected. This was 
also different from chamber experiments because seedling 
weights and shoot-to-root ratios were not affected in any 
chamber freeze. It may be that the chamber freeze is more 
severe and does not lend itself to identification of sublethal 
damage. It was noted in some chamber frozen material that a 
class of abnormal germinating seed had portions of the 
scutellar region alive and growing while the embryonic axis 
was killed. This gave the seed the swollen mesocotyl 
appearance which is often noted in frost-damaged seed. 
Conductivity Testing for Freezing Injury 
This research was done to determine the usefulness of the 
conductivity test when used to compare ears harvested the 
night before a freeze to ears harvested the morning after a 
freeze. No absolute conductivity value can be established 
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which would distinguish between damaged and undamaged seed. 
This is because variation exists between years, genotypes, and 
harvest moistures. Correlation data were used in these 
experiments to determine if any period of soaking was more 
related to damage than the others and if 50 seed means or 50 
seed standard deviations might be more useful. It was thought 
that perhaps the damaged seedlots might exhibit an ever 
increasing width of distribution of individual seed 
conductivities as damage increased and that this increase in 
standard deviation might be more important than the seedlot 
mean. This was not the case. The mean of 50 seed was 
consistently more highly correlated with warm germination than 
was the standard deviation of 50 seed (Tables 34 and 42). 
While the means tended to continue to increase with increasing 
damage, the standard deviations tended to plateau which 
reduced the linear correlation. For this reason the rest of 
the discussion will center around the means. Since the means 
will be used there may be potential for the much simpler bulk 
conductivity test to be used instead of individual seed 
conductivity testing. However, individual seed means may 
offer more information than a bulk test and equipment is 
available to make the individual test relatively simple to 
run. 
Correlation data comparing the various time intervals for 
soaking did not reveal any particular time period as being 
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more highly correlated with germination than the others. 
Perhaps damaged seed might leak to a greater degree during the 
early period of soaking. This was not so as the 4 hour period 
and the 8 hour period had the highest correlations with 
germination and were also simpler involving only one reading 
and not using 2 readings to create a third. Both the 4 hour 
and the 8 hour periods had similar correlations and the 8 hour 
mean was chosen for further comparisons. It had the lowest 
beta-1 value which meant there would be a greater change in 
conductivity for a given change in germination (Tables 35 and 
43). This should provide better precision. 
To evaluate the 8 hour mean as a test, Duncan's multiple 
range test was performed on the single genotype (B73) 
germination values to separate those freezing treatments which 
caused damage from the unfrozen control (Table 31). The same 
statistics were then done on the 8 hour conductivity means to 
separate the freezing treatments (Table 32). For 3 of the 4 
harvests the Duncan's letters are identical for the warm 
germination and 8 hour conductivity. The low moisture harvest 
of 1986 was the one that did not match. The conductivity test 
showed a difference between the 2 and the 4 hour freeze 
treatments which was not evident for the germination 
treatments. In this case the seed were evidently beginning to 
increase the amount of material leaking from the seed, but had 
not yet been lethally damaged. It is not known whether the 
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cells as a group are leaking just a little or whether a few 
cells have been killed (not enough to kill the seed) and are 
leaking greatly. 
The same type of comparisons were made for the multiple 
genotype study (Tables 39 and 40). The test appears to break 
down when the Duncan's separations are compared, especially 
for A632 and Mol7. A number of factors may be contributing to 
this. One of these is that the number of ears used for each 
treatment was reduced from 15 in the single genotype study to 
5 in the multiple genotype study. Additional work may need to 
be done to determine the best number of ears to use. Given 
the variability inherent in the stochastic freezing process, 
using more ears will probably result in much better testing. 
A second factor involved with A632 is that the lack of injury 
for the low moisture harvest resulted in very low conductivity 
values which were near the baseline. These low values could 
have been confounded by changes in the water base values. 
Another factor contributing to the breakdown of the test for 
Mol7 is that the high moisture harvest is so high that some of 
the control seed is not germinating well. The control seed 
which does not germinate is not leaking either so it throws 
off the test. The final factor involves the germination 
tests. The single genotype study had very similar results 
when the warm and cold germination values were compared. The 
multiple genotype experiment does not have as strong a 
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correlation between the warm and cold germination tests. This 
may be due to laboratory error or some other factor. 
The leachate from fresh frozen seed was examined for 
carbohydrate and protein content as well as conductivity 
(Tables 45 and 46). For both harvests of B73, the 
conductivity was significantly correlated with the germination 
and the carbohydrate content of the leachate. Very little 
protein was measured in the leachate. The high amount of 
carbohydrate was expected considering the state of the seed. 
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SUMMARY AND CONCLUSIONS 
Ice nucleation in seed of maturing seed corn (Zea mays 
L.) was not influenced by the attachment or detachment of 
leaves or the stalk, but was influenced by the absence or 
presence of the husk. The husk must contain an adequate 
number of external (bacterial) or internal nucleation sites to 
initiate freezing as soon as it is possible. When the husk 
was removed from the ear, nucleation occurred at lower 
temperatures so greater damage resulted. Single seeds 
supercooled 2 to 3 C lower than seeds attached to the ear. 
Single seeds may have very few nucleation sites while just a 
few sites may be responsible for seeding an entire ear with 
ice. Care must be taken in interpreting results from single 
seed experiments for application to field situations. 
Nucleation of seed still attached to the ear gave the 
appearance of randomness. This may have been due to the heat 
released when the water changed state in the individual seed. 
The heat was partially passed to adjacent kernels, especially 
those in the same row because of their larger surface area 
contact. This may be one of the reasons why germination 
results from a single ear seldom drop to 0 percent. Some of 
the seeds may actually escape nucleation by the warming from 
adjacent kernels. 
Nucleation occurring in single seeds at -6 C required an 
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additional exposure of only 15 to 30 minutes for the seeds to 
be injured. It was not possible to injure seeds at -3 C in 
the growth chamber even though field experiments were damaged 
at -2 C. The lack of radiation cooling in growth chambers may 
mean that plant material in the chamber is 1-2 C warmer than 
it would be in the field. 
Measurement of the electrical conductivity of soaking 
water from fresh seed exposed to a frost may be useful in 
determining damage. Correlations were determined between 
conductivities from various soak periods and germination. 
Standard deviations of the individual seed conductivities were 
also checked for correlation with germination. The 
conductivity means were more highly correlated with 
germination than the conductivity standard deviations. The 4 
and 8 hour soak periods had the highest correlation with 
germination, but the 8 hour soak period was selected for 
damage assessment because it gave greater differences in 
conductivity for a change in germination. 
In 3 of 4 harvests of B73 over 2 years, any difference in 
germination was reflected by differences in conductivity after 
8 hours of soaking. Two additional genotypes were tested but 
did not correlate as well due to harvest moisture extremes and 
the low number of ears used per treatment. Carbohydrates were 
measured in the soaking water and found to be highly 
correlated with conductivity. 
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